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Resonance  ionization  spectroscopy  (RIS)  has  been  proven  to  be  one  of  the  most 
method  (i.e„  a stream  of  ineit  gas)  instead  of  a flame  or  fiimace.  For  these  reasons,  it  is 


the  well-established  metl 


RIS  involves  the 


s.  The 


novel  electron  counter  into  which  the  mercury  atoms  were  swept  by  a stream  of  buffer 
gas.  A high  voltage  (0  - 3.5  kV)  was  applied  between  two  electrodes  to  allow  collection 
of  the  electrons.  The  signal  was  amplified  and  recorded  on  a digitizing  oscilloscope  and 
laptop  computer. 


Fundamental  studies  of  mercury  Rydberg  states  were  carried  out  in  order  to  find 
the  optimal  conditions  for  ultratrace  detection.  These  studies  included  the  effect  of  the 
choice  of  gas  pressure  and  applied  high  voltage  on  the  spectral  lines.  In  addition,  the  use 
of  avalanche  amplification  of  the  electrical  signal  was  investigated  and  determined  to 
give  a signal  6.6  x 1 0s  times  higher  than  the  signal  observed  with  the  notmal  R1S  setup. 

detection  experimentally  determined  is  1.9  X 10s  atoms  in  the  measurement  volume. 


which  was  limited  by  poor  ionization  efficiency.  A preliminary  study  involving  the 
generation  of  mercury  by  the  cold  vapor  method  horn  aqueous  standards,  using  an 
unoptimized  RIS  detection  scheme  and  sample  introduction  apparatus,  showed  linearity 


CHAPTER! 

THE  GOAL  OF  THE  PROJECT 

The  contamination  of  the  environment  by  mercury  has  been  an  important  concern 
throughout  the  world  for  decades.  Mercury,  as  a liquid  with  a high  thermal  conductivity, 
has  many  unique  properties  which  make  it  useful  in  more  than  three  thousand  industrial 
applications,  ranging  from  fungicides  and  bactericides  in  the  agriculture  industry  to  heat 
transfer  agents  and  catalysts  in  the  chemical  industry.  At  the  same  time,  mercury  is  a 

intellectual  deterioration,  and  even  death.  The  tragic  effects  of  unrestricted  industrial 

people  in  Minimata,  Japan,  died  from  eating  fish  contaminated  by  a methyl  mercury 
discharge.  After  this  disaster,  industrialized  nations  around  the  world  began  prohibiting 
the  dumping  of  mercury  into  waterways.  This  decrease  of  anthropogenic  sources  resulted 
in  failing  levels  of  mercury  compounds  in  lakes  and  rivets  that  had  been  receiving  these 
discharges. 


currently  observed  not  only  in  unregulated  areas  such  as  the  Brazilian  Amazon1-2  but  also 
in  the  United  States  Great  Lakes  region5-'  and  the  Florida  Everglades.'6  Sources  range 
(torn  unrestricted  dumping  to  atmospheric  deposition  and  agricultural  runoff.  Clearly,  the 


problem  of  mercury  is  nor  going  away,  and  thus  the  need  for  analytical  techniques 
capable  of  detecting  trace  amounts  of  raercuty  is  still  of  importance.  Also,  as 
environmental  levels  of  mercuiy  are  reduced,  increasingly  sensitive  techniques  are 
required  to  monitor  its  distribution. 

The  goal  of  this  work  was  to  create  a method  for  the  detection  of  mercury  at 
ultratrace  (ppb  and  less)  levels.  TOs  method  involved  the  use  of  resonance  ionization 
spectroscopy  (R1S),  one  of  the  most  sensitive  and  selective  methods  for  trace  metal 
detection  available  today.  Fundamental  studies  of  the  RIS  of  Hg  were  carried  out  to  find 
the  optimal  conditions  for  this  method.  In  addition,  studies  involving  the  avalanche 
amplification  of  the  signal  were  carried  out  to  optimize  this  method  of  signal 
enhancement.  Final  studies  involved  attempts  to  improve  the  limit  of  detection  and 
studies  of  the  linearity  of  the  signal  with  concentration  in  order  to  prove  this  method  as  an 
analytically  useful  technique  for  ultratrace  detection.  Merciuy  was  delected  in  the  gas 
phase  from  ambient  air.  as  well  as  fiom  aqueous  samples  using  the  technique  of  cold 
vapor  generation  of  Hg  atoms  fiom  solution  into  the  gas  phase. 


CHAPTER  2 

SPECTROSCOPIC  TECHNIQUES  FOR  THE  TRACE  DETECTION  OF  MERCURY 


The  early  history  of  mercu 
papers  on  tire  cold  vapor  atomic  al 


methods.  A 1975  review  by  Chilo 
ppm  level  or  less  with  339  refer 
covered  sampling  and  sample  stors 
sensitivity  and  ease  of  applicali 
colorimetry’  by  atomic  absorption 
neutron  activation  allowed  non-dt 


detection  was  given  by  Woodson’  in  one  of  the  first 
ition  detection  of  mercury,  published  in  1939.  This 
•dominant  colorimetric  techniques  and  early  optical 

**.  most  of  which  were  published  alter  1965.  It 
as  well  as  methods  of  analysis,  with  an  emphasis  on 
This  report  acknowledged  the  replacement  of 
the  generally  accepted  technique,  while  noting  that 

nits  in  different  sample  types  was  given.  Another 


Non-flame  methods  here  include  pyrolysis. 


nples.  Fo 


catalogued  by 


application. 

In  1995,  Morita.  Tanaka,  and  Shimomura"  reviewed  atomic  fluorescence 

vapor  (CV)  AFS  and  CV  atomic  absorption  spectrometry  (AAS)  were  the  most  widely 
used  methods  for  determining  Hg.  The  review  discussed  the  principles  of  AFS  of  Hg,  the 
use  of  flow  injection  (FI)  techniques,  and  applications  of  CV-AFS.  Ninety-one  references 
were  given. 
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by  tlamc-AAS  (due  lo  its  tendency  to  fomt  stable  molecules  in  the  flame),  some 
researchers  continue  to  look  for  new  ways  to  improve  this  method. 

Preconcentration  of  mercury  can  be  easily  done  using  traps  based  on  the 
amalgamation  of  Hg  with  noble  metals  such  as  silver,  platinum,  and  especially  gold.11 
Mercury  vapor  is  caught  in  these  traps  and  later  released  via  heating  for  detection.  This 
allows  not  only  preconcentration  but  also  the  ventilation  of  interfering  substances  from 
the  gas  stream  before  measurement. 

Speciation  of  different  mercury  compounds  (Hg°,  Hg',  Kg'",  organomercurials, 
etc.)  can  also  be  carried  out  either  on-line  with  species  detection  or  off-line  with  total 
mercury  determination.  The  speciation  of  mercury  compounds  is  important  due  to  the 
varying  levels  of  toxicity  associated  with  the  different  forms  which  Hg  can  take.  Of 


but  also  because  mercury  can  be  methylated  in  the  environment  (especially  marine  and 
freshwater  sediments)  and  accumulated  in  the  tissue  of  fish,  continuing  up  the  food 
chain.1514  When  mercury  in  any  form  and  from  any  source  enters  the  environment,  it  can 
be  converted  into  its  toxic  methyl  derivative.  The  chemical  pathways  for  the  methylation 
of  mercury  in  the  environment  have  been  reviewed.1’  Chromatographic  techniques  are 
most  commonly  used  for  speciation,  including  GC,  HPLC,  and  ion  chromatography. 


' compounds,  not  only  because  they  are  highly  toxic 


Cold' 


The  cold  vapor  <CV)  technique  was  originally  developed  as  an  introduction 
method  for  atomic  absorption  spectrometry  (AAS),  although  it  was  later  used  for  other 
techniques  (most  notably  AFS).  For  this  reason,  a review  of  the  literature  of  the 
development  of  AAS  of  mercury  is  also  the  story  of  the  development  of  the  cold  vapor 

The  first  instrument  based  on  the  absorption  of  UV  (253.7  nm)  light  by  mercury 
vapor  was  proposed  by  Woodson  in  1938  to  detect  Hg  in  flue  gas  from  a mercury  boiler.’ 
It  was  reported  to  be  small  and  portable,  with  a useful  range  of  I ppm  - 1 ppb.  The  cold 
vapor  atomic  absorption  procedure,  as  it  is  known  today,  is  typically  attributed  to  Hatch 
and  Ott.16  Reduction  of  dissolved  solid  samples  occurred  by  tin  (II)  sulfate  after  which 
aeration  occurred,  carrying  the  vapor  to  a 25  mm  * 15  cm  glass  tube  with  quartz 

Five  years  later,  Gilbert  and  Hume1’  reported  an  improvement  on  the  technique, 

an  LOD  (defined  as  2<j  of  the  blank)  of  0.4  ppb  or  4 ng  absolute.  In  addition  to  using  tin 
as  a reducing  agent,  it  reported  and  referenced  the  use  of  oxidizing  agents 
le  and  persulfate  to  maintain  Hg  in  the  divalent,  nonvolatile  state,  and  UV 


(II)  chloride  . 


In  1996.  Zhou  el  al.'’  compared  four  different  acid  mixtures  for  high-pressure 
microwave  digestion  methods  for  determining  total  Hg  in  sediments.  After  comparing 
HNO,/H2SO..  HNO3/HCIO4.  HCI/HNO.,  and  HCl/HNOj/HF,  aqua  regia  was  chosen  as  it 
was  time  saving.  less  dangerous,  and  suitable  for  other  trace  metai  analyses.  Good 
recoveries  (94-  1 04%)  were  obtained  from  different  soil  and  marine  sediment  matrices. 

discussed  by  Toffaletti  and  Savory”  and  Rooney.20  Rooney  reported  a 10-fold  increase 

preparation.  Yamamoto  el  al.2'  found  that  while  both  reducing  agents  yielded  similar 
calibration  curves  and  limits  of  detection,  the  precision  using  NaBR,  was  2.5%,  while  for 
SnCh  it  was  4.9%.  In  1988.  Welz  and  Schubert-Jacobs”  also  compared  the  two  reducing 
agents.  They  claimed  NaBR,  performed  as  well  as  or  better  than  SnCI2  as  a reducing 
agent  for  Hg  in  addition  to  reducing  most  of  the  organic  compounds  in  solution.  Despite 


ihc  formation  of  Hg  complexes  with  Ij\  In  this  way,  85%  of  Hg  in  the  presence  of  I was 
recovered.  This  was  noted  to  be  of  interest  when  measuring  Hg  in  wastewater  or  sewage 
samples. 

Saraswati  el  a/.”  combined  flow  injection  analysis  (FIA)  with  CV-AAS  in  order 
to  miniaturize  and  automate  the  method.  They  noted  the  improvement  in  speed, 
precision,  and  sensitivity  the  addition  of  FIA  can  offer.  After  correcting  the  signal  for 
matrix  suppression  by  standard  additions,  an  LOD  of  0.08  ppb  in  a zinc  ore  matrix  was 
obtained.  Hanna  and  McIntosh®  described  the  determination  of  total  Hg  in 
environmental  samples  with  FI-CV-AAS  after  on-line  microwave  digestion.  The  method 
was  fully  automated  with  a limit  of  detection  of  0.035  ppb  or  0.18  ng  absolute  and  an 
RSD  of  1.1%.  Because  the  entire  analytical  process  occurred  in  a closed  system, 
opportunities  for  contamination  are  greatly  reduced. 

Determination  of  total  mercury  in  environmental  and  biological  samples  was 
carried  out  by  Murphy  el  a/.31  using  an  FI  method  with  microwave  digestion.  The  use  of 
FIA  in  this  case  allowed  for  the  rapid  analysis  of  between  20  and  30  samples  per  hour, 
with  an  LOD  of  0,2  ppb  or  0. 1 ng  absolute  and  a RSD  of  less  than  1 0%. 

Preconcentration 

Dumarey  el  al.n  compared  the  use  of  activated  charcoal,  silver-coated  sand,  and 
gold-coated  sand  as  mercury  collectors.  It  was  noted  that  sheets  or  grains  of  Ag  or  Au 
show  considerable  memory  effects  and  poor  reproducibility.  In  their  comparison, 
activated  charcoal  was  found  to  be  unsuitable  as  it  had  a high  capacity  for  collecting 
interfering  compounds  and  Hg  desorption  was  incomplete  at  600°  C.  When  Ag-coaled 


10 


sand  was  used,  desorplion  was  fast  and  complete,  but  organontcrcurials  were  poorly 
absorbed.  In  addition,  on  prolonged  use  of  the  Ag  coating,  it  was  slowly  converted  to  the 

to  retain  the  total  content  of  volatile  Hg  compounds  and  was  unaffected  by  sulfiir 
compounds.  In  1985,  Dumarey  el  al  r’  made  a similar  comparison.  This  time,  they 
repotted  that  activated  charcoal  and  Ag-coated  sand  as  absorbers  suffered  ftom  poor 
quantitation  and  were  dependent  on  sampling  flow  rale  and  duration,  the  nature  of  the 

amalgamation  traps  showed  a quantitative  collection  for  a sampling  flow  rate  up  to  5 L 
min  when  heated  to  800°  C.  Yoshida  and  Motojima31  reported  the  use  of  Au-coated 
quartz  wool  as  a mercury  collector  which  was  then  heated  to  650°  C for  rapid 
determination  of  Hg  in  air.  They  noted  that  the  performance  of  the  trap  deteriorated  after 


tother  determination  of  Hg  in  air  was  reported  by  Fitzgerald  and  Gill.35 
two-stage  Au  amalgamation  for  atmospheric  analysis  of  Hg  was  used.  , 

nosphere  were  collected  on  Au  coated  beads,  and  atmospheric  particulate 
m glass  fiber  filters.  The  two-stage  Au  amalgamation  technique  was  re 
' interfering  substances  ftom  the  Hg  vapor  before  the  Hg  was  released 


an  inexpensive  single  beam  instrument.  An  LOD  (2<r)  of  0.06  ng  absolute  was  reported 


vith  4%  RSD. 


In  1974.  Olafsson  '"  reported  the  use  of  amalgamation  on  Au  foil  strips  coupled  to 
CV-AAS  to  detect  Hg  in  seawater.  After  collection,  the  trap  was  heated  to  300°  C. 
Interferences  included  f and  Bf.  Frcimann  and  Schmidt37  reported  the  use  of  an  Au- 
coated  silica  wool  plug  in  a 50  mm  column  as  an  amalgamation  trap  for  determination  of 
Hg  in  seawater.  A Teflon  sampling  bottle  was  also  used  as  the  reaction  vessel  to  reduce 
sample  contamination.  An  LOD  of  0.5  pptr  or  50  pg  absolute  was  reported  with  a 4% 
RSD.  Welz  era/.38  reported  a method  for  picotrace  (<1  ng/L)  determination  of  mercury. 
After  studying  various  amalgamation  methods,  they  determined  a gold/platinum  gauze 
(90%  Au.  10%  Pt)  to  work  the  best  due  to  its  excellent  sensitivity  and  reproducibility  and 
because  it  could  be  easily  cleaned  in  hot  HNOj.  They  also  reported  that  SnClj  was 
superior  to  NaBHi  as  a reducing  agent  when  using  amalgamation,  despite  the  higher, 
faster  reducing  power  of  NaBH,  and  its  ability  to  decrease  interferences  such  as  I and  Se. 
This  was  because  the  reduction  reaction  of  NaBH,  was  a violent  reaction,  which  could 
cause  water  droplets  to  be  carried  with  the  gas  stream  to  the  amalgamation  trap, 
contaminating  and  deactivating  it.  At  the  same  time.  NaBH,  was  used  for  hydride 
generation  of  elements  which  were  not  normally  volatile,  allowing  them  to  be  carried 
with  the  gas  stream  and  interfere  with  the  detection  of  Hg.  In  addition,  they 
recommended  the  use  of  PTFE  tubing  over  silicone  to  avoid  memory  effects.  He  as  the 
purge  gas  over  Ar  and  N,  due  to  its  superior  stripping  efficiency,  and  Mg(CIO,)!  or 
H2SO4  over  CaCl;  as  the  desiccant  to  avoid  capture  of  Hg.  The  method  was  reported  to 
have  good  accuracy. 

Temmermnn  el  at.1'1  reported  a method  for  determining  Hg  in  drinking  water  after 
Au-coated  sand  amalgamation.  An  absolute  LOD  of  0.6  pptr  or  0.6  ng  absolute  with 


>10%  RSD  was  reported.  A method  for  measuring  picomolar  concentrations  in  seawater 
involving  two-stage  Au  amalgamation  was  reported  by  Gill  and  Fitzgerald.40  An  LOD  of 
0.84  pM  (0.042  pptr)  or  0.084  ng  absolute  was  determined.  Welz  el  al.M  used  an  on-line 
microwave  digestion  method  to  determine  total  Hg,  including  organics,  in  water  and 
urine.  It  was  noted  that  on-line  sample  pretreatment  was  of  interest  because  of  problems 
due  to  contamination,  volatilization,  and  adsorption  losses  when  the  sample  was 
transported.  An  LOD  of  10  pptr  or  0.1  ng  absolute  was  reported  for  water  samples  using 
a How  injection  method.  Good  agreement  with  certified  values  was  obtained  for  urine 
samples.  A similar  study  by  Hanna  el  al.a  compared  on-  and  off-line  oxidation  of 
organomercury  compounds  in  water  and  urine  for  total  mercury  detection.  An  on-line 
LOD  of  0.23  ppb  or  0.12  ng  absolute  with  1.4%  RSD  was  reported,  with  simplified 
sample  pretreatment  and  an  elevated  operating  temperature.  An  automated  FI-CV-AAS 
method  using  Au  gauze  amalgamation  was  used  by  McIntosh.41  A detection  limit  of  2 
ppb  or  1 7 ng  absolute  was  reported.  StreSko  el  al“  used  a collection  method  utilizing  the 
chelating  ion  exchanger  Spheron  Thiol  for  the  preconcentration  of  mercury.  This  took 
advantage  of  the  affinity  of  Hg  for  SH  groups.  An  LOD  of  0.05  pptr  or  0.05  ng  absolute 
of  water  was  achieved  with  an  RSD  of  10%.  Garcia  el  al.‘s  compared  different  Hg 
chelate  forming  reagents  (diethyldithiocarbamatc.  pyrrolidin-l-dithiofomiate,  and 
diphenylthiocarbazone  [dithizone])  for  the  preconcentrntion  of  ultratrace  amounts  of 
inorganic  Hg  and  CH,Hg‘.  It  was  observed  that  the  carbamate  type  reagents  performed 
superiorly  to  dithizone  for  on-line  concentration,  and  volumes  of  100  mL  could  be 
preconcentrated  with  100%  efficiency  for  both  inorganic  mercuiy  and  methylmercury. 
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Detection  limits  of  16  pptr  or  0.4  ng  absolute  of  mercury  were  achieved,  and  the  method 
was  successfully  applied  to  seawater  samples. 

In  1976.  Matsunaga  and  Takahashi46  reported  the  detection  of  organic  Hg  in 
sediments  and  aquatic  organisms  by  extraction  of  the  organomcrcurials  with  benzene, 
back  extraction,  oxidation  with  potassium  permanganate  and  persulfate.  and 
preconcentration  of  Hg  using  Au  granule  amalgamation.  With  this  technique,  they  were 
able  to  detect  nanogram  levels.  Determination  ofHg  in  environmental  standard  reference 
materials  using  pyrolysis  to  release  Hg  vapors,  which  were  prcconcentrated  using  a two- 
stage  Au  absorber  system  for  CV-AAS,  was  reported  by  Dumarey  el  at."  This  method 
was  repotted  to  be  rapid  and  simple  and  free  from  the  contamination  of  wet  digestion.  A 
detection  limit  of  5 ppb,  or  0.1  ng  absolute,  was  reported.  Vermeir  el  at."  reported  a 


in  a Teflon  bomb.  Detection  occurred  after  a two-step  Au-coated  sand  amalgamation. 
An  absolute  LOD  of  12  pptr  or  0.12  ng  absolute  was  repotted,  along  with  results  in 
excellent  agreement  with  certified  reference  material  values.  Horvat  el  at."  described  the 
use  of  Au  amalgamation  CV-AAS  for  the  determination  of  total  Hg  in  coal  fly  ash. 
Digestion  was  carried  out  with  acid  in  sealed  Pyrex  tubes  to  prevent  losses  by 


volatilization.  ' 


:d  values  and  results 


obtained  by  neutron  activation  analysis.  Brandvold  el  at  .s0  reported  a novel  combustion 
method  of  determining  Hg  in  solid  samples.  Gaseous  mercury  was  evolved  when  a solid 


sample  is  heated  above  500°  C in  the  presence  of  oxygen.  The  evolved  Hg  was  collected 
on  Ag  wool,  and  95%  recovery  was  observed  for  various  sediment  and  ash  standards. 
The  LOD  (2tr)  was  observed  to  be  2-3  ng  absolute. 


Ombaba'  reported  ihc  use  of  an  amalgamation  tube  (MAT)  containing  Au  sites  to 
preconcentratc  Hg  from  environmental  and  biological  standard  samples  followed  by  CV- 
AAS.  The  samples  were  microwave  digested  under  high-pressure  and  reduced  with 
SnCI;.  Good  agreement  was  found  with  several  certified  reference  material  values  at  sub- 
ppm  levels. 


Flame  Atomic  Absorption  Spectrometry 

Ellis  and  Roberts”  reported  the  use  of  a Au-coated  dual  'bent'  tube  atom  trap  in 
order  to  improve  the  normally  poor  sensitivity  encountered  with  flame  AAS.  Mercury 
was  collected  in  the  trap,  thereby  reducing  its  volatility.  It  was  determined  that  low  fuel 
flow,  percentage  obscuration  and  high  tube  height  were  important  for  maximum 
sensitivity,  and  a precision  of  2.9%  was  achieved.  A comparison  with  CV- AAS  found 
the  results  to  be  in  close  agreement,  although  not  as  sensitive. 

Electrothermal  Atomization  Atomic  Absorption  Spectrometry 

Trace  levels  of  Hg  were  determined  without  preconcentration  by  Keller  « al* 
using  electrothermal  atomization  (ETA)-AAS  with  uncoated  graphite  furnace  cuvettes.  A 
detection  limit  of  0.6  ppb  or  0.03  ng  absolute  was  reported.  The  method  was  applied  to 
samples  of  drinking  water,  and  was  found  to  report  results  in  good  agreement  with 
USEPA  reference  standard  values. 

Hladky  er  al.  determined  mercury  concentrated  in  mineral  acids  (HCI,  HjS04, 
and  H,PO,)  using  an  Au-coated  graphite  furnace  cuvette,  from  which  the  absorbance  was 


read  after  ibe  release  of  the  Hg  from  the  amalgam.  The  amalgam  prevented  analyte  loss 
and  removed  nonspecific  absorption  and  water  vapor  from  the  matrix,  delecting 
concentrations  from  100  to  5 ppb  with  a 15%  RSD.  Lee  el  al”  reported  the 
determination  of  Hg  in  environmental  samples  by  a combination  CV/Au-coated  graphite 
furnace  technique.  A detection  limit  of  0. 1 pptr  or  5 pg  absolute  was  determined  w ith  an 
RSD  of  2.7%.  Analytical  results  were  obtained  for  natural  waters,  marine  biota,  and 
sediments.  Siemer  and  Hageman56  repotted  the  determination  of  Hg  in  water  using  Au- 
coated  graphite  fitmace  atomizer  tubes,  which  were  then  placed  into  either  a carbon  rod 
atomizer  or  a Woodriff  furnace.  A detection  limit  of  14  pptr  was  reported. 

Baxter  and  Freeh”  reported  the  use  of  a Pt-lined  graphite  furnace  for  In  situ 
preconcentration  of  Hg,  which  was  produced  after  the  reduction  of  water  samples.  An 
LOD  (la)  of  2 pptr  or  0.1  ng  absolute  was  deteimined,  and  synthetic  seawater  samples 
were  analyzed. 

Spcciation  Coupled  with  Atomic  Absorption  Spectrometry 

Rapsomanikis  and  Craig”  reported  a method  of  gas  chromatography  (GC) 
separation  of  organomcrcury  compounds  with  quartz  furnace  AAS  defection.  Because 
CH,Hg'  is  co-eluted  with  (CHjfeHg  or  Hg°.  causing  difficulties  in  speciation.  they 
performed  an  ethylation  of  CHjHg'  in  aqueous  ethanolic  solutions  with  NaBfC.Hsh  and 
detected  die  resultant  compounds.  An  oven  temperature  of  100°  C was  used,  and  an 
absolute  detection  limit  of  123  ppb  or  167  pg  absolute  for  CHjHgCI  was  observed. 
Fischer  el  al.  ” then  applied  this  derivation  method  to  the  determination  of  CHjHg'  in  fish 


after  dissolution  in  an  alkaline  mcthanolic  solution.  The  detection  limit  was  observed  to 
be  4 ppb  or  4 pg  of  CHjHg*  as  CjHjHgCHj  and  75  ppb  or  75  pg  absolute  of  Hg!'  as 
(C-Hs)jHg. 

A method  described  by  Emteborg  et  al.M  used  a preconcentration  step  with  a 
dithiocarbamate  resin  before  GC  separation.  In  addition,  simultaneous  use  of  two 
wavelengths  ( 1 84.9  nm  and  253.7  nm)  for  absorption  and  a 2.4  cm  cuvette  improved  the 
dynamic  range  and  sensitivity,  which  resulted  in  LODs  of  0.03  pptr  or  0.03  ng  absolute 
for  CHjHg*  and  0.4  pptr  or  0.4  ng  absolute  for  Hg2*. 

Ahmed  el  al.6'  used  an  anion  exchange  column  to  separate  CHjHg'  ftom  Hg;"  in 
rain  samples.  The  CHjHg*  was  then  decomposed  by  UV  irradiation.  Different  acids  at 
different  concentrations  were  compared  for  decomposition  and  percent  recoveries. 
Sarzanini  el  al.  reported  the  use  of  cation  exchange  ion  chromatography  to  separate  Hg 
compounds  after  in  silu  cysteine  complexation  (HgfCysh,  CHjHgCys,  and  CjHsHgCys). 
Detection  limits  of  20  pptr  or  2 ng  absolute  for  Hg2',  100  pptr  or  10  ng  absolute  for 
CHjHg*  and  40  pptr  or  4 ng  absolute  for  C;H5Hg*  were  reported,  and  the  method  was 
applied  to  synthetic  mixtures  and  natural  samples. 

Liquid  chromatography  (LC)  was  coupled  with  CV-AAS  with  a continuous  flow 
reducing  vessel  by  Fujita  and  Takabatakc”  TinflD  chloride  was  used  to  reduce  Hg 
alkane  thiolates;  reduction  of  inorganic,  methyl,  and  ethyl  mercuric  compounds  was 
carried  out  with  NaBH,.  The  authors  reported  high  sensitivity  and  selectivity.  Aizpiin  el 
al.  reported  a method  of  HPLC-CV-AAS  for  the  speciation  of  inorganic  Hg2*  and 
CHjHg*  using  vesicles  of  didodecyldimelhylammonium  bromide  (DDAB),  rather  than  an 
organic  solvent,  as  the  mobile  phase.  The  use  of  DDAB  vesicles  was  reported  to  improve 


CV  generation  of  Hg,  Before  separation,  off-line  preconccntration  of  the  aqueous 
samples  was  carried  out  using  C|>  Sep-pack  cartridges  modified  with  2-mercaptoethanol 
solutions.  I-ODs  of  0.1-0.2  ppb  of  Hg  were  achieved,  and  the  method  was  applied  to 
spiked  seawater  and  human  urine. 

Baker's  yeast  cells  ( saccharomyces  cerevisiae)  were  used  to  separate  CHjHg'  and 
Hg-'  by  Madrid  el  al.a  with  good  recoveries.  The  percentage  of  CHjHg'  traction  bound 
to  the  yeast  cells  did  not  depend  on  the  experimental  conditions  tested,  while  the  retention 
of  Hg‘  depended  on  analyte  concentration,  biomass,  and  incubation  time. 


Flame  Atomic  Fluorescence  Spectrometry 
Atomic  fluorescence  spectrometry  (AFS)  was  first  used  to  determine  Hg  by 
Winefordner  and  Staab  in  1964.“  LODs  of  5 ppm  in  a Hj/O,  flame  and  1 ppm  in  an 
C2Hi/Oj  flame  were  achieved.  These  LODs  were  compared  to  an  LOD  of  25  ppm  of 
which  F-AAS  was  capable  at  the  time. 

Cold  Vapor  Atomic  Fluorescence  Spectrometry1 


No  Preconccntration 

Although  CV-AAS  has  been  the  most  common  method  for  the  detection  of 
mercury  for  decades.  AFS  is  increasingly  being  used  today.  AFS  is  currently  the  US 
Environmental  Protection  Agency  preferred  method  for  determining  Hg  in  water  (Method 
1631).  It  has  a larger  linear  dynamic  range  and  an  inherently  high  sensitivity  capable  of 


measuring  lower  detection  limits.  In  addition,  it  suffers  from  fewer  interferences  titan 


Hutton  and  Preston67  repotted  the  use  of  a non-dispeisive  AFS  instrument  using 
CV  generation  in  order  to  improve  the  detection  limit  for  Hg.  It  was  noted  that  the 
instrument  compared  favorably  with  other  CV  systems,  but  without  complex 
instrumentation.  An  LOD  of  0.04  ppb  or  0.04  ng  absolute  was  reported  with  a precision 
of  2-3%.  A (low  injection  method  was  employed  by  Morita  el  al*  Mercury 
fluorescence  was  detected  at  both  184.9  and  253.7  nm,  and  an  LOD  of  0.12  ppb  (8  pg 
absolute)  was  determined. 

Swift  and  Campbell69  reported  the  determination  of  Hg  in  environmental  samples 
after  microwave  digestion.  A detection  limit  of  1.3  pptr  was  achieved,  and  the  method 
was  applied  to  water  and  soil  samples.  Lamble  and  Hill™  described  the  use  of  batch  and 
on-line  microwave  digestion  of  slurried  environmental  samples  for  the  determination  of 
total  Hg.  An  LOD  of  13  pptr  was  reported  with  1.5%  RSD,  as  well  as  good  agreement 
with  certified  reference  material  values  of  dogfish  muscle  and  marine  sediment 

Stockwcll  and  Corns71  discussed  the  detection  of  Hg  using  a Merlin  fluorescence 
detector  with  which  they  achieved  an  LOD  of  0.37  pptr  in  50  mL.  Janjic  and  Kiursld77 
used  CV-AFS  to  detect  Hg  in  river  water  samples  and  achieved  an  LOD  of  0.001  pptr 
with  a RSD  of  3%. 

Coras  el  al”  described  a method  of  determining  Hg  in  urine  samples  using  an 
automated  continuous  flow  CV-AFS  system  with  bromine  oxidation.  An  LOD  of  I pptr 
or  50  pg  absolute  was  achieved.  Bloxham  er  alu  reported  the  use  of  bromination 
digestion  for  determining  Hg  in  filtered  seawater.  In  a flow  injection  method,  on-line 
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oxidation  of  organometcurials  was  used.  Detection  limits  of  25  pptr  or  0.5  pg  for  HgCI 
and  23  pptr  or  0.5  ng  for  CH,HgCl  were  reported  as  well  as  good  agreement  with 
certified  values  for  lobster  hepatopancreas. 

Preconcentration 

In  1972,  Muscat  el  o/.,s  described  a CV-AFS  method  for  determining  Hg  using 
amalgamation  with  an  Ag  wire  for  preconcentration.  An  absolute  LOD  (2c)  of  0.6  ng 
was  observed  with  an  RSD  between  10-20%.  Mercury  concentrations  in  certified 
materials  and  natural  sediments  were  determined.  Ferrara  el  al.’6  reported  the  use  of  Au 
wool  for  preconcentration  of  Hg  in  seawater.  A Hg  radiofrequency  electrodelcss 
discharge  lamp  was  used  as  an  excitation  source.  A detection  limit  of  0,01  ng  was 
achieved. 

A method  involving  flow  injection  of  Hg  vapor  to  a Au  wire  absorber  for 
preconcentration  was  described  by  Chan  and  Sadana.”  The  method  was  used  to 
determine  Hg  in  water  samples,  had  a detection  limit  of  2 pptr  or  54  pg  absolute  and  3% 
RSD  was  obtained.  Cossa  el  al described  a method  of  determining  Hg  in  natural 
waters  using  preconcentration  on  Au-Pt  gauze.  The  automated  method  analyzed  eight 
samples  per  hour  with  a detection  limit  of  0.1  pptr  or  4.5  pg  absolute  with  5%  RSD. 
These  same  authors  later  reported  a method  of  automated  Hg  determination  in  waters 
with  the  same  LOD  and  precision.79 

Poissant  el  al*°  reported  the  first  telemetry  and  remote  sensing  design  for  an 


atmospheric  Hg  analyzer 


CV-AFS  with  Au  amalgamation 


This  fully  automated  portable  s 


One  of  the  advantages  of  AFS  over  AAS  is  that  using  more  intense  light  sources 
electrothermal  atomization  two-step  laser  enhanced  AFS  (ETA-LEAFS)  of  Hg  vapor  in  a 


546.1  nm  line.  In  addition,  a linear  dynamic 


determine  total  mercury  in  microwave  digested  soils  and  achieved  a detection  limit  of  1.4 
pptr  or  14  fg  absolute,  which  was  the  lowest  reported  absolute  LOD  for  total  Hg. 


Inductively  Coupled  Plasma  Atomic  Fluorescence  Spectrometry 


LOD  i 


e.  the  LOD  was  40 


Gas  chromatography  (GC)  was  coupled  to  CV-AFS  by  Bloom  and  Fitzgerald"  for 
Hg  determination  after  preconcentration  from  air  on  a Carbotrap  column.  The  column 
temperature  was  ramped  to  180°  C over  20  minutes.  The  detection  limits  achieved  were 
0.3  pg  for  Hg  and  (CHjfcHg,  0.4  pg  for  (CaHsfcHg,  and  2.0  pg  for  CHjHgCI.  Saoutor  and 
Blattman*5  described  a semiautomated  analytical  system  for  total  Hg  using  GC-AFS  with 
Au-coated  sand  preconcentration.  LODs  of  0.07  pptr  (1.4  pg  absolute)  for  aqueous  and  1 
ppb  for  tissue  samples  were  reported.  In  addition,  organic  mercury  was  derivitized  with 
NaB(C2H5)4  before  separation  for  detection  limits  of  0.05  pptr  of  CHjHg'  for  aqueous 
samples  and  1 .4  ppb  for  tissue  samples.  Gas  chromatography  was  employed  by  Jones  « 
* for  wxai  o'gauic  Hg  determinations  in  water,  soil,  and  tissue  samples.  Water 
samples  were  brominated  and  preconcentrated  onto  sulfhydryl  cotton  fibers,  and  organic 
mercury  was  extracted  into  CH;C12  before  being  separated.  Detection  limits  were  0.3 
pptr  or  0.6  ng  absolute  for  inorganic  Hg,  0.3  pptr  or  0.6  ng  for  total  Hg,  and  0.02  pptr  or 
0.04  ng  absolute  for  organic  Hg,  while  in  soil  and  tissue  samples,  the  LOD  for  organic  Hg 
was  0.2  pg  absolute. 

Jian  and  McLeod*’  carried  out  speciation  on  a column  of  sulfhydryl  cotton  for 
rapid  sequential  determination  of  Hg2*  and  CHjHg*  in  natural  water  samples  by  FI-CV- 


AFS.  The  LOD  ■ 


nission  Spe 


(M1P-AES)  include  its  high  detection  power,  inherent  multielement  capability,  large 

In  1994,  Camufia-Aguilar « a/."*  compared  three  Ar  and  He  MB’s  for  AES  used 
specifically  for  excitation  of  Hg  and  its  determination  after  on-line  continuous  CV 
generation.  The  He  plasmas  were  found,  by  comparison  of  the  analytical  figures  of  merit, 
to  be  superior  to  the  Ar  plasmas  for  excitation  of  Hg.  The  best  LOD  for  Hg,  10  pptr,  was 
achieved  with  the  He  surfatron  with  a 1 mm  i.d.  fused  silica  tube  as  the  plasma  torch.  In 
addition,  a linear  dynamic  range  of  over  three  orders  of  magnitude  was  reported  and  a 
RSD  of  4%,  but  the  plasma  was  influenced  by  the  entrance  of  molecular  gases  and  water 
vapor.  The  application  of  these  plasmas  to  seawater  was  studied. 


pressure  He  M1P  using  a Au-coatcd  pumice  amalgamation  trap  for  preconcentration.  An 
LOD  of  0.01  pptr  in  50  mL  or  0.5  pg  absolute  was  reported.  Natarajan'’'  reported  the  use 


of  a low-power  Ar  MIP  with  amalgamation  on  Ag  wool  of  Hg  in  solution.  Determination 
of  50  pptr  or  0.5  ng  absolute  is  reported,  and  a detection  limit  of  0. 1 ng  is  reported. 


An  atmospheric  He  MIP  with  an  automated  gas  handling  system  for  GC-AES 
detection  was  repotted  by  Quimby  and  Sullivan.'2  The  system  was  optimized  for 

Tao  and  Miyazaki05  reported  the  simultaneous  determination  of  Hg  with  other 
elements  subjected  to  hydride  generation  (HG)  using  a He  MIP  with  a hydrogen 
separation  membrane.  The  latter  prevented  byproducts  of  HG  (Hj,  CO,,  HC1,  HjO)  from 
reaching  the  plasma  which  could  be  extinguished.  A detection  limit  of  0.50  ppb  for  Hg 
was  repotted.  Siemens  et  at*  reported  the  use  of  atmospheric  pressure  He  and  Ar  MIPs 
for  the  continuous  monitoring  of  Hg  in  flue  gases.  Both  TMoto  cavity  (Bcenakker 
resonator)  and  surfatron-type  plasmas  were  tested.  The  detection  limit  of  Hg  in  nitrogen 
was  8 pg  m'  for  the  TMoto  MIP  and  10  pg  m'!  for  the  surfatron.  The  addition  of  main 
flue  gas  components  such  as  H;0  vapor.  O.,  and  CO;  were  found  to  suppress  Hg  lines 
considerably. 


Inductively  Coupled  Plasma  Atomic  Emission  Spectrometry 

Nakahara  and  Wasa05  repotted  a method  using  direct  nebulization  of  the  reductant 
solution  for  the  determination  of  mercury  with  inductively  coupled  plasma  atomic 
emission  spectrometry  (ICP-AES)  in  order  to  increase  transport  efficiency.  Reducing 
agents  SnCl,,  Na,SO,,  NHjOH.  and  NaB(C,Hs).  were  compared  as  reducing  agents,  and 
SnCls  was  chosen  as  it  gave  the  largest  enhancing  effect.  An  LOD  of  1.3  ppb  was 


reported  with  an  RSD  of  2.8%. 


One  problem  associated  with  ICP-AES  is  ils  difficulty  in  determining  trace 

reported  a method  of  FI-  ICP-AES  with  on-line  preconcentration  based  on  complexation 
of  Hg  with  i.5-bis(di-2-pyridyl)methylene  thiocarbonohydrazide  (DPTH)  and  its 
subsequent  extraction  into  isobutyl  methyl  ketone  (IBMK).  Reduction  and  extraction 
from  the  organic  phase  occurred  and  Hg  vapor  was  generated,  followed  by  detection.  An 
LOD  of  2 ppb  or  20  ng  absolute  was  reported  with  3.3%  RSD,  and  few  interference 

they  obtained  an  LOD  of  4 ppb  or  40  ng  absolute  with  1%  RSD.  Human  hair,  pig  kidney, 
and  dogfish  muscle  samples  were  analyzed  with  good  agreement  with  certified  values. 
Anderson  el  at.m  reported  a method  for  determining  Hg  in  sediment  and  tissue  samples 
using  acid  (HNOs)  digestion  and  heated  permanganate  oxidation,  followed  by  NaBHj 
reduction  and  CV  introduction  into  the  plasma.  The  emission  wavelength  used  was  194.2 
nm,  and  a detection  limit  of  2 ppb  or  20  ng  absolute  was  reported.  Excellent  correlation 


with  certified  reference  materia!  values  for  environmental  sat 
Jamoussi  er  o/.M  reported  the  use  of  ICP-AES  to  detei 
Determination  was  carried  out  after  high  pressure  microwave 
of  0.05  ppb  or  5 ng  absolute  for  Hg  was  reported,  and  the  n 

lower  than  the  safety  levels  established 
detected. 


by  the  World  Health  Organizatio 


DC  Discharge  Plasma  Atomic  Emission  Spectrometry 


A method  for  continuous  flow  CV  determination  of  Hg  by  AES  using  reverse  FI 
was  reported  by  de  Andrade  and  Bueno100  using  dc  discharge  He  plasma  atomic  emission 
spectrometry  (DCP-AES).  T 


plasma  medium.  Preconcentralion  on  Au  foil  was  carried  out,  and  a detection  limit  of  50 
pptr  or  50  pg  absolute  was  achieved  with  an  RSD  of  1 .6%.  Good  agreement  was  reported 
with  certified  reference  material  values  for  human  hair. 


Ring  Discharge  Plasma  Atomic  Emission  Spectrometry 

Wrembel'01  reported  the  use  of  ring  discharge  plasma  AES  with  amalgamation 
preconcentration  for  determining  Hg.  The  detection  limit  in  pure  water  was  found  to  be 
< 0.5  pptr.  The  method  was  applied  to  synthetic  and  natural  seawater  samples. 


Gas  chromatography  (GC)  was  coupled  with  MIP-AES  by  Decadt  el  at. 102  for 
sen  o nated  headspace  analysis  of  biological  samples.  This  method  was  used  to  assess 
gas-liquid  coefficients  of  CHjHg’  halides  dissolved  in  water  or  benzene.  The  highest 
vapor  concentration  was  found  to  be  for  CHjHgl.  The  method  was  applied  to  a series  of 
biological  samples  with  a detection  limit  of  1.5  ppb.  The  use  of  a headspace  sampler 
lessened  column  degradation  as  opposed  to  direct  on-column  injection.  Lansons  el  al.m 
used  preconcentration  of  CHjHg'  on  a column  of  dithiocarbamate  resin  before  converting 
it  to  the  iodide  and  performing  detection  by  headspace  GC-MIP-AES. 


af  CH;Hg'  and  Hg2' : 


extracted  and  butylated 


before  GC-injeotion  and  detection  by  MIP-AES.  Good  recoveries  were  reported  with 
LODs  of  0-04  ppb  or  40  ng  absolute  for  CHsHg'  and  0.28  ppb  or  280  ng  absolute  for 
Hg2'.  A purge-and-trap  method  of  bjection.  which  bvolved  ethylation  of  the  ionic 
species  before  ctyogenic  trappbg  and  subsequent  MIP-AES  was  reported  by  Ceulmans 
and  Adams.105  LODs  of  0.6  pptr  or  6 pg  absolute  for  CHjHg'  and  2 pptr  or  20  pg 
absolute  for  Hg2'  were  found,  and  river  ond  soil  run-off  samples  were  analyzed. 

An  alternating  current  He  plasma  detector  was  developed  for  GC  detection  by 
Costanzo  and  Barry.100  A sensitivity  of  20  pg/s  for  CjHjHgCl  and  3.5  pg/s  for  CHjHgCi 
with  a Ibcar  dynamic  range  of  3 orders  of  magnitude  was  reported. 

High  performance  liquid  chromatography  (HPLC)  was  coupled  with  ICP-AES 
with  post-column  CV  generation  by  Krull  el  al.'m  for  Hg  speciation.  The  ICP  used  had 
an  all-glass  chamber,  which  decreased  the  meraoty  effects  typically  found  with  a 
polypropylene  spray  chamber.  Detection  limits  (2o)  were  37  ppb  or  16  pg  absolute  for 
CHjHgCI,  62  ppb  or  31  pg  absolute  for  CHjCHjHgCl,  35  ppb  or  18  pg  absolute  for 
HgClt.  and  62  ppb  or  31  pg  absolute  for  (CHjfeHg.  Costa-Femandez  el  o/.los  coupled 
HPLC  with  MIP-AES  with  CV  generation.  The  vesiclc-fomibg  surfoctant  DDAB  was 
employed  as  the  HPLC  mobile  phase,  tacreasbg  emission  signals  by  75%.  Detection 
limits  of  0.15  ppb  for  borganic  Hg  and  0.35  ppb  for  CHjHg'  were  achieved,  and  the 
method  was  applied  to  natural  water  and  human  urine  samples. 


Patterson109  reported  the  use  of  a differential  photoacoustic  mercury  detector  to 
determine  Hg  by  photoacoustic  spectrometry  (PAS).  Gold  foil  within  the  two  cells 
collected  the  Hg,  and  the  difference  between  the  two  concentrations  was  measured  as  the 
differential  between  the  photoacoustic  signals,  detected  by  microphones.  An  LOD  of 
<0.02  ng  Hg  absolute  was  reported. 

Chen  el  o/."°  reported  the  use  of  PAS  to  detect  Hg2'  as  Hg(II)  dithizonate  in  the 
solid  state.  Mercuty(n)  was  extracted  to  the  organic  phase  as  HgfHDz),  which,  under 
irradiation  of  strong  visible  light,  underwent  a reversible  photochromic  reaction  which 
changed  its  absorption  wavelength  from  485  nm  to  620  tint.  This  corresponded  to  an 
excited  state  of  Hg(HDz)j.  This  excited  state  was  detected  by  PAS  using  a He-Ne  laser. 
In  this  way,  a detection  limit  of  3 pptr  was  achieved,  with  the  absence  of  interferences 
because  only  Hg(HDz),  exhibited  photochromism  in  the  solid  stale.  Chen  and  Lai1 1 1 later 
reported  the  same  measurement  in  organic  solvents.  They  found  a 1:1  v/v  mixture  of 
benzene  and  CCU  to  be  the  optimum,  with  an  LOD  of  0.8  ppb. 


Metastable  Energy  Transfer  for  Atomic  Luminescence 


Dodge  and  Allen"2  reported  the  use  of  metastablc  energy  transfer  for  atomic 
scence  (METAL)  to  delect  trace  amounts  of  Hg.  At  pressures  of  -I  Tore,  an 


produce  a chemiluminescent 


emission.  This  type  of  detection  was  reported  to  give  a detection  limit  of  107  atoms  cm'5 
(3  ppq),  which  is  the  lowest  reported  concentration  LOD.  The  method  also  had  a linear 
dynamic  range  of  8 orders  of  magnitude. 


Magnetically-induced  optical  rotation  (MIOR)  was  reported  by  Stephens"5  for 
determining  Hg  in  vapor.  Its  advantages  included  automatic  correction  of  continuum 
background  absorption  and  of  source  drift.  A detection  limit  of  10  pg  absolute  was 
achieved,  and  the  method  was  noted  to  have  good  selectivity  and  sensitivity. 


X-Ray  Fluorescence  Spectrometry 

D'Siiva  and  Fasscl'"  reported  a method  of  X-ray  fluorescence  spectrometry 
(XRFS)  of  Hg  vapors  in  Ar.  Good  reproducibility  and  ppb  levels  of  detetmination  were 
achieved.  Biiat el  al. 115  reported  an  energy-dispersive  XRFS  method  for  monitoring  Hg 
contamination.  Samples  of  plant  effluents  from  a lead  battery  plant  were  made  into 
slurries  and  dried  for  analysis.  The  method  was  noted  to  be  capable  of  yielding 
concentration  profiles.  A method  of  total  reflection  XRFS  was  reported  by  Holydska  el 
al.  for  analyzing  potable  water  after  preconcentration  with  a mixture  of  carbamates.  A 

detection  limit  of  60  pptr  or  1 .8  pg  absolute  was  reported. 


Methylmercury  complexes  were  indirectly  determined  using  ,wHg  nuclear 
magnetic  resonance  spectrometry  (NMR)  by  Robert  and  Rabenstein.'r  The 
he...onuclear  multiple  quantum  coherence  (HMQC)  method  that  was  applied  provided  a 
significant  sensitivity  enhancement  for  the  spectra  of  CHjHgfll)  . The  method  was 
applied  to  the  study  of  the  solution  chemistiy  of  CH3Hg(II>thiol  ligand  complexes. 

Laser  Induced  Breakdown  Spectrometry 

Lazzari  el  al."‘  reported  the  use  of  time-resolved  laser-induced  breakdown 
spectrometry  (LIBS)  for  the  detection  of  Hg  in  air.  A limit  of  detection  of  5 ppb  was 
reported,  as  well  as  good  accuracy.  It  is  recommended  for  in  situ  continuous  monitoring 
of  industrial  processes  in  factories  or  plants. 


Furnace  atomic  non-thermal  excitation  spectrometry  (FANES)  was  used  for 


determining  Hg  following 


Pt-gauze  lined 


was  reported.  Three  standard  reference  materials  - citrus  leaves,  pine  needles,  and  river 


Inductively  coupled  plasma  ionization  coupled  with  mass  spectrometry  (ICP-MS) 
has  become  a popular  method  for  trace  metal  analysis  since  the  1980's  due  to  its  superior 
selectivity  and  detection  limits.  One  disadvantage  of  detection  of  Hg  is  its  high 
ionization  potential  (10.44  eV)  and  consequently  poor  degree  of  ionization  in  the  ICP. 

Haraldsson  er  at120  used  ICP-MS  for  determining  Hg  in  natural  waters  after 
reduction  to  its  elemental  fomi.  Sodium  borohydride  was  used  as  the  reductant  rather 
than  SnClj  to  avoid  contamination  of  the  system  with  Sn.  Determinations  both  with  and 
without  isotope  dilution  were  earned  out;  the  LOD  for  both  was  0.08  pptr  or  8 pg 
absolute  with  an  RSD  of  2.7%.  Natural  waters  and  reference  sediment  samples  were 
analyzed.  Direct  injection  nebulization  (DIN)  was  used  to  determine  mercury  in  drinking 
water  by  Powell  a a!.'1'  DIN  was  compared  to  a conventional  pneumatic  nebulizer  (PN) 
and  was  found  to  have  a comparable  detection  limit  (40  pptr  for  PN.  30  pptr  for  DIN) 
with  a drastic  reduction  in  memoiy  effects. 

Hydride  generation  (HG)-ICP-MS  was  reported  by  Brown  eial.'22  for  determining 
Hg  in  biota.  HG  was  compared  to  PN  and  was  found  to  obviate  memoiy  effects  to  a great 
extent.  An  LOD  of  100  pptr  in  urine  is  reported. 


31 


Flow  injection  with  preconceraration  on  Au-Pt  gauze  to  detect  Hg  in  water 
samples  was  reported  by  Dcbrah  el  An  LOD  of  0.2  pptr  or  5 pg  absolute  with  1% 
RSD  is  reported.  The  method  was  used  to  determine  Hg  in  seawater  and  freshwater 

Smith'14  repotted  the  use  of  isotope  dilution  ICP-MS  for  the  determination  of  Hg 
in  water  and  sediments.  Preconcentration  on  Au  foil  was  used.  Samples  were  submitted 
to  1-hracid  digestion  andspiked  with  !olHg.  An  LOD  of  0.2  pptr  or  40  pg  absolute  was 
reported,  and  the  method  was  used  to  analyze  river  water  standards. 

Speciation  Coupled  with  Inductively  Coupled  Plasma  Mass  Spectrometry 
OC-ICP-MS  was  used  to  determine  that  CHjHg'  was  the  only  significant 

Beauchcmin  el  al.'a  Analysis  of  the  samples  was  done  by  extracting  the  CH;HgCI  6om 

Isotope  dilution  and  FIA  were  used  in  the  sample  introduction.  Detection  limits  of  4.0 
ppb  or  I ng  absolute  for  ”'Hg  and  2.2  ppb  or  0.55  ng  absolute  of  JMHg  with  FIA  were 
determined  with  7%  RSD.  Excellent  agreement  with  certified  values  for  dogfish  muscle 
and  lobster  hepatopancreas  was  achieved.  Hintehnann  el  n/.'“  used  GC-ICP-MS  to 
measure  melhylation  rates  of  mercury  in  sediments  with  enriched  stable  Hg  isotopes 
combined  with  CHjHg'  determination.  Methylmercury  was  converted  to  CHjHgQHs 
using  NaBfCjH,),  and  preconcentrated  on  a Tenax  adsorber.  A detection  limit  of  0.02 


ppb  or  1 pg  absolute  with  4%  RSD  was  reported.  Mercury  methylation  was  investigated 

to  disturb  the  system.  More  than  3%  of  the  added  Hg  was  found  to  be  methylated  after  an 
incubation  period  of  21  days. 

Speciation  by  LC-ICP-MS  was  earned  out  by  Bushee  with  post-column  cold 
vapor  generation.  The  method  was  found  to  be  linear  over  3-4  orders  of  magnitude 
with  detection  limits  (2a)  of  0.6  ppb  for  CHjHgOOCHj,  1 .2  ppb  for  HgClj,  and  1 .2  ppb 
for  CHjCH,HgCI.  Good  agreement  was  obtained  for  a tuna  certified  reference  material 
and  for  the  detection  of  thimerosai  in  contact  lens  solution.  Shum  el  a/.12*  used  a 
microbore  column  reversed-phase  LC-ICP-MS  with  DIN  to  speciate  Hg  and  Pb 
compounds.  A detection  limit  of  7 pg  absolute  was  achieved  for  Hg.  It  was  repotted  that 
the  urine  samples  analyzed  did  not  contain  sufficient  organomercurials  to  be  detected; 
however,  good  separations  were  obtained  when  these  compounds  were  spiked  into  the 
sample. 

Reversed-phase  LC-ICP-MS  with  ultrasonic  nebulization  was  reported  by  Huang 
and  Jiang.129  Detection  limits  were  repotted  as  0.7  ppb  or  0.14  ng  absolute  for  CHjHgCL 
0.4  ppb  or  0.0S  ng  absolute  for  HgCl2,  and  0.8  ppb  or  0.16  ng  absolute  for  C2HsHgCl,  and 
were  compared  with  other  LC  coupled  methods.  Samples  of  contact  lens  solution,  waste 
water,  and  fish  were  all  analyzed,  and  the  results  were  found  to  be  in  good  agreement 
with  certified  values.  Mercury  species  in  seawater  were  determined  by  LC-ICP-MS  by 
Bloxham  el  aL  using  a C„  column.™  Detection  limits  in  seawater  of  0.25  ppb  or  .25  ng 
absolute  CHjHgCI  and  HgCl2  and  0.75  ppb  Or  0.75  ng  absolute  CjHjHgCl  were  achieved. 
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1 6 pptr  or  1 6 ng  absolute  for  CHjHgCl  and  1 7 pplr  or  1 7 ng  absolute  for  HgClj. 

Spectrophotometry 

The  determination  of  Hg3*  and  CsHsHg*  using  polyurethane  foam  (PUF)  thin- 
layer  spectrophotometry  was  repotted  by  Abbas  el  o/.131  The  PUF  was  loaded  with 
dithizone  to  allow  preconcentration  of  Hg3'  and  C«HjHg*.  The  detection  limit  (2c)  for 
Hg’~  was  5 ppb  or  0.05  ng  absolute  and  for  CsHjHg",  10  ppb  or  0.1  ng  absolute.  Ag  was 
found  to  interfere.  A method  involving  the  spectrophotometric  determination  of  Hg  as  its 
dithizone  complex  in  the  presence  of  a neutral  surfactant  was  reported  by  Singh  el  al.'a 
The  surfactant,  Triton  X-100,  allowed  both  the  ligand  and  complex  to  be  water  soluble  so 
the  analysis  could  be  carried  out  in  aqueous  media.  An  LOD  of  I x lO*  M (200  ppb)  or 
20  ng  absolute  Hg3*  was  reported,  and  the  method  was  successfully  applied  to  the 
analysis  of  a Hg-based  pesticide.  Ramesh133  repotted  a method  based  on  the 
spectrophotometric  detection  of  an  abstraction  of  CN'  from  hexacyanoferrate(II)  by  Hg3* 
in  the  presence  of  4-(2'-thiazolylazo)resacetophenone  oxime.  The  method  allowed  the 
determination  of  Hg  down  to  10  ppb  or  I ng  absolute,  and  was  noted  to  be  highly 

The  determination  of  Hg  based  on  its  inhibitory  effect  on  horeeradish  peroxidase 
which  was  immobilized  on  solid  supports  was  repotted  by  Shekhovtsova  and 
Chemetskaya.134  The  inhibition  of  the  enzyme  increased  in  the  presence  of  thiourea. 
Detection  limits  were  reported  as  0.1-10  pptr  depending  on  the  specific  indicator  reaction. 
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The  reaction  was  complete  in  15  minutes.  A later  report  by  Shekhovtsova  el  al.m 
determined  Hg  in  natural  water  by  this  method  in  the  presence  of  Fc.  which  is  normally 
found  in  natural  water.  A detection  limit  of  10  pptr  with  6%  RSD  was  reported. 

azobenzcnediazoaminoazobenzcne  sulfonic  acid  by  Jiang  el  al.m  The  compound  formed 
a red  complex  (528  nm)  with  Hg2*  in  the  presence  of  Triton  X-100  and  NHjNHaCI, 
Spectrophtometric  determination  of  the  complex  gave  a detection  limit  of  6 x 10*  M (12 
PPb)  or  0.5  ng  absolute.  The  only  interference  was  Cd.  which  could  be  masked  with 
nitrilotriacetic  acid. 


In  1973,  Holzbecher  and  Ryan151  reported  the  first  observation  of  a Hg-complex 
induced  fluorescence  (at  440  nm)  with  an  Hg-thiamine  complex.  In  this  way,  Hg  in 
solutions  with  low  salt  concentrations  could  be  detected  down  to  10  ppb  or  1 ng  absolute 
with  3.2%  RSD.  Interferences  included  Fe2*  and  Fe5*.  Fluorimetry  was  used  by 
Narinesingh  el  al.  in  a screening  method  for  trace  Hg  analysis  using  FI;  the  method  was 
based  on  the  inhibitory  effect  Hg  has  on  the  enzyme  urease.  Urease  catalyzes  the 

phthaladehydc  as  the  fluorophore,  the  activity  of  the  enzyme  could  be  determined  and  Hg 


i LOD  of  2 ppb.  This  screening  method  could 


CV-AAS  i 


method  for  the  trace  detection  of  mercury.  At  the  same  time.  CV-AFS  is  becoming  more 
visible  due  to  its  simpler  instrumentation  and  ultralow  detection  limits,  as  evidenced  by 
its  approval  by  the  U.S.  Environmental  Protection  Agency. 

Detection  limits  for  Hg  using  plasma  AES  and  ICP-MS  arc  limited  by  the  high 
ionization  potential  of  Hg,  which  cannot  be  efficiently  reached  in  most  plasmas. 
Exceptions  are  the  He  MB’  and  ring  discharge  plasma,  which  combined  with  AES  offers 
LODs  comparable  to  those  using  CV-AAS  and  CV-AFS.  An  advantage  of  these  methods 

Additional  advantages  of  spectrometric  methods  include  their  amenability  to 
automation  and  coupling  with  chromatographic  methods  for  speciation.  The  use  of 
chromatography  to  separate  and  speciate  different  inorganic  and  organic  forms  of  Hg  is  of 
importance  due  to  the  varying  toxicity  of  the  different  forms,  especially  in  environmental 
samples.  Ultralow  level  detection  of  CHjHg'  species  is  especially  important  due  to  its 

direction  of  analyzing  real  samples,  such  as  sediments  or  biological  tissues.  In  addition, 
the  speciation  of  different  Hg  compounds  will  continue  to  be  critical,  as  it  becomes  more 
clear  the  toxicity  levels  of  the  various  foims. 
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In  1991.  il  was  reported  that  as  sampling  techniques  improved  over  just  a few 
years,  the  estimates  of  Hg  concentrations  in  one  lake  dropped  by  a factor  of  500.1 39  As 

minimal  concentrations  and  amounts  of  Hg  which  can  pose  an  environmental  and  health 
threat.  Improvements  in  sample  handling  and  preparation  along  with  increasingly 
sensitive  techniques  will  be  needed  to  face  these  challenges  in  trace  analysis  of  Hg 


Principles 


Among  the  most  sensitive  methods  for  the  detection  of  atoms  are  ionization 
spectromctric  techniques.”0  ”'  These  methods  came  of  age  in  the  1970s  with  the 
introduction  of  the  tunable  dye  laser.  With  this,  the  necessary  resonant,  selective 


interaction  of  light  with  matter  at  a high  photon  flux  became  readily  accessible.  Since 

ionization  spectroscopy  (RIS),  laser  enhanced  ionization  spectroscopy  (LEIS),  and 
resonance  multiphoton  ionization  spectroscopy  (RMPIS).  Often,  all  of  these  methods  fall 
under  the  general  heading  of  resonance  ionization  spectroscopy. 

The  principles  of  resonance  ionization,  laser  enhanced  ionization,  and  resonance 
multiphoton  ionization  are  presented  in  Figure  2-1.  In  the  cases  of  RIS,  atoms  are 
promoted  flora  the  ground  state  to  a defined,  or  bound,  excited  state  of  higher  energy  due 
to  the  absorption  of  a photon  at  the  atom's  resonant  wavelength.  The  excited  atom  then 
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1 2-1.  Pr 


5.  RMPIS.  and  LEIS. 


usually  absorbs  another  photon,  of  either  the  same  or  different  wavelength.  However,  for 
atoms  with  low  ionization  energies,  one  photon  may  be  sufficient  to  result  in  ionization. 
In  this  way.  the  atom  is  imparted  enough  energy  to  result  in  ionization  by  the  loss  of  the 
high-tying  electron. 

In  RMP1S.  the  absorption  of  two  or  more  photons  results  in  the  excitation  of  the 
atom  to  a bound  state.  The  absorption  of  one  or  more  photons  then  results  in  the 
ionization  of  the  atom  from  the  excited  state.  Because  of  the  absorption  of  multiple 
photons,  rather  than  one  of  resonant  energy.  RMPI  can  be  less  selective  than  RIS. 

In  LE1S,  one  or  more  photons  are  absorbed  to  resonantly  excite  the  atom,  as  in 
R1S.I1!  By  increasing  the  number  of  resonance  excitation  levels  or  steps  used,  the 
selectivity  of  the  method  can  be  increased  by  orders  of  magnitude.  However,  ionization 
occurs  not  by  the  absorption  of  a photon.  The  atom  gains  the  necessary  energy  to  lose  the 
electron  by  collisions  with  nearby  atoms  and/or  molecules,  such  as  in  a flame  or  buffer 
gas.  This  process  was  originally  referred  to  as  the  optogalvanic  effect,  as  it  depends  on 
the  application  of  an  electric  field  to  facilitate  detection  of  the  electrons.  This  ionization 
process  is  referred  to  as  collisional  ionization,  rather  than  the  pholoionization  process 
involved  in  RIS  or  RMPIS.  In  many  cases,  the  ionization  process  is  not  limited  to  either 
photoionization  or  collisional  ionization,  but  rather  is  a convolution  of  the  two. 

These  techniques  are  inherently  selective,  due  to  stepwise  resonance  excitation, 
and  sensitive,  as  100%  of  the  ions  created  may  be  detected  by  electrical  means.  Because 
of  the  typically  lower  collisional  ionization  efficiency  from  excited  states  as  compared  to 
the  photoionization  efficiency,  RIS  has  typically  been  shown  to  be  more  sensitive.  In 
fact,  single  atom  detection  was  achieved  by  Hurst e,  al.  in  1977.'"  In  contrast,  collisional 


Resonance  Ionization  Spectroscopy  of  Mercury 


In  1981,  Miziolek144  reported  the  use  of  multiphoton  ionization  and  emission 
analysis  for  the  detection  of  Hg.  This  method  involved  the  absotption  of  three  312.8  nm 
photons  from  a Nd:YAG  pumped  dye  laser  to  induce  ionization  of  Hg  atoms.  Detection 
was  carried  out  in  two  ways:  (1 ) direct  analysis  of  the  ions  and  (2)  detection  of  the  253.7 
nm  photons  emitted  by  the  recombined  ions  and  electrons.  Detection  limits  were  0.17 
pptr  using  ion  detection  and  0.32  pptr  for  emission  detection,  which  was  limited  by  noise 

The  photoionization  of  Hg  with  isotope  selection  was  reported  in  1983  by  Dyer  er 
a/.ws  The  scheme  of  the  three-step  photoionization  involved  (1)  excitation  of  the  6'So  -+ 
63P|  transition  with  254  nm  radiation.  (2)  excitation  of  the  6JP,  ->  8‘s0  transition  with 
286  nm  radiation,  and  (3)  ionization  from  the  8%  state  with  532  nm  radiation.  Laser 
radiation  was  produced  by  a NdtYAG  pump  laser  and  two  dye  lasers.  Isotopic 
information  was  obtained  by  monitoring  fluorescence  from  the  6JP,  level  and  the 


Normand  er  al.1*6  reported  the  use  of  three  mil 
mercury  in  1983.  The  schemes  involved  (1)  four-pha 
level.  (2)  five  photon  ionization  through  the  6p'P|  lcvi 
through  the  6d'Dj  or  3D2  levels. 


oton  ionization  processes  for 
ionization  through  the  7p'P, 
ad  (3)  five-photon  ionization 


1 by  collectic 


electrons. 
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to  1985.  Bushaw1''  reported  the  use  of  double  resonance  multiphoton  ionization 
for  the  determination  of  Hg.  The  process  involved  the  excitation  of  the  6s3  ‘So  ->  6p  3P, 
transition  with  one  photon  of  253.73  nm  radiation  and  ionization  with  two  photons  of 
435.95  nm  via  the  7s  3Sj  state.  A detection  limit  of  220  fg  was  reported  in  ambient 

laboratory  air. 

The  pulsed  optogalvanic  effect  with  Hg  was  observed  in  a low-pressure  mercury 
discharge  by  van  de  Weijer  and  Cremers  in  I98S.1,18  This  involved  excitation  of  the  6p 
3Pt  -♦  7s  'So  transition  with  408  nm  radiation  from  a nitrogen  laser  pumped  pulsed  dye 
laser.  It  was  reported  that  the  ionization  process  was  a two  photon  photoionization  to  an 
autoiomzing  level  (a  defined  state  which  is  above  the  ionization  potential). 

Kramer  reported  a pulsed  laser  optogalvanic  effect  observed  in  a high  pressure  Hg 
discharge  in  1988.1**  An  excimer  pumped  dye  laser  was  used  to  excite  the  6 !Pjjjj  ->  7 
'Si  transitions  with  radiation  of  546. 436,  and  405  nm.  respectively. 

In  1996.  Matveev  el  al.  developed  a Hg  resonance  ionization  photon  detector 
(RID).IS°  A three  step  process  was  used  to  excite  the  atom  to  a state  veiy  close  to  the 
ionization  potential:  (1)  6 *So  ->  6 3P|°  with  253.7  nm  radiation.  (2)  6 3Pi°  -»  7 3s,  with 
435.8  nm  radiation,  and  (3)  7 3S,  -*  13  3P,°  with  489.0  nm.  With  avalanche 
amplification  of  the  signal,  a detection  limit  of  0.5  photons  was  calculated. 


CHAPTER  3 

■ANALYTICAL  TIME-RESOLVED  RESONANCE  IONIZATION  SPECTROSCOPY 
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electron  should  be  less  than  the  reciprocal  of  the  rate  of  collisions!  ionization.  This  last 

parameters  including  the  mobility  of  electrons  in  a gaseous  media,  the  configuration  of 
the  electric  field  between  electrodes,  and  certain  parameters  of  the  preamplifier  and  input 

mathematical  deconvolution  of  the  computerized  digital  information  from  the  signal 
waveform.  However,  the  second  requirement  is  necessary  in  this  work,  as  it  will  allow 
signal  that  is  due  only  to  the  analyte  (collisional  ionization)  to  be  distinguished  and 
extracted  from  the  non-sclective  or  background  signal  (photoionization  and  secondary 
ionization  effects)  without  computerized  deconvolution.  It  is  essential  to  stress  here  that 
space  charge  effects  must  be  absent.  In  fact,  their  presence  would  distort  the  shape  of  the 

difficult.1*6 

Time-resolved  measurements  of  the  current  induced  by  the  charges  produced  in  a 
flame  and  in  hollow  cathode  discharges  have  been  theoretically  modeled  and 
experimentally  observed. However,  the  aim  of  these  studies  (with  the  exception 


td  by  tuning  the  third  laser  step  to 


pressures  (0.05-600  Tore),  with  variable  voltage  and  beam  position  between  the 
electrodes.  In  this  way,  two  clearly  distinguishable  components  of  the  signal  were 
observed,  which  could  be  attributed  to  collisional  ionization  and  to  photoionization. 


The  experimental  setup  used  in  this  work  is  shown  in  Figure  3-1  (M  - mirror,  BS 
= beam  splitter).  The  inset  shows  a basic  schematic  of  the  ionization  scheme.  Three  dye 
lasers  (laser  I,  Molectron.  Portland,  OR;  lasers  2 and  3,  Model  Scanmate  I,  Lambda 
Physik.  Acton,  MA)  were  pumped  by  an  excimer  laser  (Model  LPX-240i,  Lambda 
Physik,  Acton,  MA)  operated  with  XeCI  (X  = 308  nm).  The  wavelengths  of  the  three  dye 
lasers  are  listed  in  Table  3-1.  Laser  dyes  used  include  Coumarin  500  (Exciton,  Dayton, 
OH),  frequency  doubled,  for  X|2,  Coumarin  120  (Lambda  Physik)  for  Xa,  and  Coumarin 
153  and  47  (Lambda  Physik)  for  the  different  wavelengths.  The  wavelengths  of  the 
fust  and  second  lasers  remained  constant,  while  the  wavelength  of  the  third  laser  was 
tuned  to  levels  with  different  principal  quantum  number.  Pulse  energies  were  typically 
150  ml  for  the  excimer.  20-100  pj  for  X,j.  200-300  pj  for  ka.  and  0.5-1  ml  for  XM.  Laser 
pulse  durations  were  approximately  34  ns  (FWHM),  rather  than  the  LPX-240i  nominal 

The  temporal  behaviors  of  the  three  dye  laser  pulses  is  presented  in  Figure  3-2. 
Here,  the  output  of  dye  lasers  one.  two,  and  three  were  observed  with  a fast  photodiode 
(Model  ET  2000,  rise  time  <200  ps.  Electro-Optics  Technology,  Fremont.  CA)  and 
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Table  3-1.  Excitation  transitions  for  Ha  for  laser-connected  levels  1.2. 
(Rydberg  level),  as  tabulated  by  Moore,  forn  = 6,7,9-26. 


Excitation  step  I Level 

Energy,  cm'1 

Wavelength  in 

Xu 

39412.3 

253.652 

7s‘S, 

62350.5 

435.832 

Xu 

79412.7 

585.925 

79613.3 

579.118 

80916.686 

538.463 

lOp’P:" 

81022.9 

535.400 

81811.876 

513.694 

llp'P;'’ 

81873.835 

512.064 

12pJP“ 

82379.0 

499.148 

12pJP:" 

82422.60 

498.064 

13p-'P,u 

82765.9 

489.689 

13p’P,° 

82795.03 

488.991 

14pJPi° 

83039.3 

483.217 

14pJP,u 

83061.2 

482.706 

1 5pJP,° 

83240.1 

478.572 

ISp’P." 

83258,7 

478.145 

l6p‘P," 

83396.7 

475.01 1 

83407.2 

474.774 

17p'P,° 

83512.7 

l7pJP-“ 

83521.6 

472.209 

83601.9 

470.425 

83613.9 

470.159 

19p’Piu 

83677.9 

22piP,° 

83834.5 

465.329 

23pJP?u 

83869.0 

464.584 

24?'?:° 

83892.6 

25p,P?u 

83920.8 

83942.0 

463.013 

Signal  (50  mV/div) 
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Figure  3-2.  Temporal  behavior  of  laser  pulses. 


602A,  500  MHz  bandwidth. 


than  the  second,  with  a minimum  in  between  them.  After  observing  the  pulse  from  the 
excimer  itself,  it  was  confirmed  that  this  behavior  was  characteristic  of  the  pump  beam 

However,  rather  than  hindering  our  work,  this  behavior  was  vety  helpfiil  in  identifying 
the  different  sources  of  ionization.  This  is  because  in  general,  if  one  excluded  those  cases 
in  which  the  electrons  created  hove  sufficient  energy  to  modify  the  signal  shape,  any 
photoiomzation  shape  resembled  the  pulse  which  created  it.  In  this  work,  the  signal  due 
only  to  photoionization  was  observed  when  only  the  first  two  laser  connected  steps  were 
excited.  /.|;  and  /-:i,  so  the  photoionization  resembles  the  shape  of  the  X23  because  its 
power  exceeds  that  of  Xi:  and  is  enough  to  saturate  the  third  level.  Therefore, 
photoionization  was  very  easy  to  identify  and  distinguish  from  other  sources  of 

The  beams  were  directed  with  mirrors  and  prisms  into  a quanz  cell  which 
contained  a small  amount  of  mercury  and  varying  pressures  of  buffer  gas  (air  or  argon). 
At  atmospheric  pressure,  the  Hg  number  density  in  the  cell  was  - 4 x 1011  cm  *.  The  cell 
also  housed  two  planar  Ni  electrodes  and  was  connected  to  a vacuum  pump.  One 
electrode  was  connected  to  a high  voltage  source  which  applied  varying  potentials  (0-1 3 
kV)  to  the  cell,  while  the  other  was  connected  to  a low-noise  high-frequency  preamplifier 
(Model  310,  Sonoma  Instruments,  Santa  Rosa,  CA).  The  amplified  RIS  waveform  was 
displayed  on  a fast  digitizing  oscilloscope  (Model  620A,  Tektronix,  Beaverton,  OR). 


sing  different  pressures,  voltages,  and  i 


for  different  Rydberg  levels  with  the  goal  of  distinguishing  between  different  ic 


Along  with  the  experimental  determinations,  the  ionization  waveforms  were 
theoretically  simulated  using  DensMat,164  a computer  program  which  was  used  to  model 
fully  time-resolved  simulations  of  two-step  pulsed  laser  excitation  of  atoms  in  highly 
collisions!  media.  The  main  purpose  of  this  simulation  was  to  estimate  under  what 
experimental  parameters  one  should  expect  the  duration  of  the  pulse  due  to  collisional 
ionization  to  exceed  that  due  to  photoionization.  This  program  used  the  density  matrix 
mathematical  treatment  of  these  processes  and  was  very  suitable  for  predicting  the 
various  level  populations  as  a result  of  laser  enhanced  (collisional)  ionization.  The  only 
incompatibility  between  this  experiment  and  the  model  was  because  DensMat  can  only 
simulate  a two-step  excitation  of  three  laser-connected  levels,  whereas  our  system 
consisted  of  four  laser-connected  levels.  To  adapt  the  three-step  system  to  the  dual  laser 
model,  the  assumption  was  made  that  all  of  the  atoms  were  excited  to  the  fust  level  of  Hg 
during  a short  period  of  time  (much  shorter  than  the  duration  of  the  laser  pulse);  because 
the  radiative  lifetime  of  the  6&,a  state  of  Hg  was  much  longer  (1 18  ns)  than  the  duration 


of  the  laser  pulse  and  quenching  was  determined  to  be  negligible,  at  the  working 
pressures  of  the  experiments,  in  both  argon  and  air,  we  could  consider  this  state  having  a 
steady  state  population  during  the  period  of  laser  irradiation.  In  this  case,  the  ku  and 
transitions  corresponded  to  step  one  and  step  two  in  the  DensMat  simulation.  In  order  to 
account  for  the  loss  in  the  ion  population  occurring  at  the  electrodes,  a non-laser 
connected  level  was  added  to  the  scheme  as  a trap,  in  which  the  lost  ions  could 
accumulate  (and  not  return  to  the  ground  state),  just  as  occurred  experimentally  at  the 


electrodes.  The  rate  constant  for  this  loss  from  the  ion  level  to  the  trap  was  set  as  I < 10" 
s . as  it  occurred  at  a higher  rate  than  the  coliisional  ionization  from  the  third  level  to  the 
ionization  continuum.  The  rate  constants  for  coliisional  ionization  studied  with  DensMat 
varied  from  I x 10'°  Hz  to  I x 10  6 Hz.  Step  I was  fixed  at  435.834  tint  and  Step  2 at 
470.159,  with  both  lasers  being  characterized  by  a spectral  bandwidth  of  3 GHz.  The 
irradiance  at  step  I was  50  W/cnr  and  that  for  step  2 was  5 kW/cm!.  The  transition 
probability  of  the  first  step  was  taken  from  tabulated1®  vaiues  as  125  MHz  while  that  of 
step  2 was  not  known  and  was  therefore  assumed  to  be  5 MHz.  In  addition,  a normalized, 
digitally  simulated  hi  profile  (like  that  shown  in  Figure  3-2)  was  entered  into  the 
program  as  our  laser  pulse,  as  this  excited  level  had  the  shortest  lifetime  in  this  scheme 
(-8  ns),  and  therefore  this  level  determined  the  temporal  performance  of  the  system.  The 
only  two  parameters  that  were  varied  were  the  coliisional  rate  constant  and  the  lifetime  of 
the  fourth  level  (t4).  The  output  of  DensMat  consisted  of  a plot  of  fractional  level 
populations  vs.  time,  which  was  directly  proportional  to  the  output  of  the  oscilloscope, 
current  vs.  time.  In  this  way,  a direct,  albeit  qualitative,  comparison  between  simulated 
and  experimental  results  could  be  made. 

Results  and  Discussion 


DensMat  Simulations 

The  waveforms  generated  using  DensMat  are  seen  in  Figures  3-3a  and  3-3b.  in 
Figure  3-3a,  it  is  observed  that  when  the  coliisional 


I ionization  rate  constant  is  10  s'1. 


(a) 


time  (ns) 

Figure  3-3.  DensMat  simulation  results. 
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the  signal  due  lo  collisionol  ionization  occurs  so  rapidly  that  it  cannot  be  distinguished 
from  that  due  to  photoionization.  In  this  case,  the  signal  waveform  is  identical  to  the  X23 
pulse.  As  the  rate  drops  to  1 GHz  and  then  to  0.2  GHz,  the  signal  intensity  drops,  its 
temporal  behavior  broadens  and  it  loses  the  distinguishing  characteristics  of  Xu-  This 
trend  continues  for  the  lower  collisional  ionization  rates  presented  in  Figure  3-3b;  it  was 
also  observed  that  increasing  the  lifetime  of  level  4 from  200  ns  to  1 ps  would  further 
broaden  this  waveform.  From  these  simulations,  one  can  conclude  that,  as  the  rate  of 
collisional  ionization  increases,  the  signal  occurs  more  rapidly  for  a higher  rate  (shorter 
temporal  signal)  and  more  slowly  for  a lower  rate  (longer  temporal  signal).  The 
collisional  ionization  rate  can  be  changed  experimentally  in  two  ways:  (1)  increasing  the 
buffer  gas  pressure  and  (2)  changing  the  level  from  which  the  collisional  ionization 
occurs,  namely,  the  Rydberg  level.  From  the  results  of  this  simulation,  it  appears  that  as 
the  principal  quantum  number  of  the  Rydberg  level  is  increased  (i.e..  as  it  becomes  closer 
to  the  ionization  continuum),  an  increase  in  the  rate  of  collisional  ionization  should  occur 
and  this  increase  should  be  reflected  in  the  ionization  waveform  in  the  sense  that  its  shape 
will  increasingly  resemble  the  original  waveform  of  the  X2)  laser  pulse. 

Excitation  of  Levelsn  = 10-14 

The  first  Rydberg  levels  studied  experimentally  were  n = 10-14.  The  temporal 
differences  in  behavior  for  these  levels  are  shown  in  Figure  3-4  (along  with  the  signal 
from  only  X12  + X:!,  a signal  due  only  to  photoionization).  The  air  pressure  in  the  cell 


was  70  mTorr  and  the  potential  applied  between  the  electrodes  was  250  V.  The  signals 
were  not  normalized  with  respect  to  loser  power. 

A trend  emerges  os  one  observes  levels  « = 10  to  n = 14.  The  waveform 
corresponding  to  n = 10  resembles  the  signal  with  no  Lw.  with  a smaller  addition  of  a 
longer  temporal  signal.  This  second  component  steadily  increased  from  n = 1 1 to  n = 12 
until,  at  n = 13.  it  clearly  began  to  dominate.  In  fact,  at  n = M,  the  photoionization 
component  became  almost  hidden  by  the  second  component.  The  reasons  for  this  arc  as 
follows:  at  n = 10,  the  fourth  excited  level  was  still  too  &r  from  the  ionization  continuum 
(0.39  eV)  for  significant  collisionai  ionization  to  occur  at  60  mTorr  buffer  gas  pressure; 
for  this  reason,  the  signal  was  clearly  dominated  by  photoionization.  From  n = 11-14, 
however,  a second,  longer  signal  component  began  to  emerge  next  to  that  component  due 
to  photoionization;  the  longer  signal  was  a result  of  collisionai  ionization.  For  n = 14,  the 
energy  gap  to  the  ionization  continuum  is  only  0.14  eV,  and  therefore  collisionai 
ionization  is  very  significant.  Most  importantly,  this  rate  of  collisionai  ionization 
increased  with  increasing  principal  quantum  number.  This  trend  can  be  seen  even  more 
clearly  from  the  higher-lying  levels. 


Excitation  of  Levels  n = 18  - 21 

TTte  three-step  ionization  waveforms  from  Rydberg  levels  with  principal  quantum 
numbers  n =18-21  were  also  observed.  For  these  levels,  the  energy  gap  between  the 
excited  level  and  the  ionization  continuum  became  even  smaller  (0.071  eV  for  n = 18, 
0.049  eV  for  n = 21 ).  resulting  in  high  rates  of  collisionai  ionization.  This  can  be  clearly 
observed  in  Figure  3-5.  The  air  pressure  in  the  cell  was  60  mTorr  and  the  pn.»..i.i 
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applied  between  the  electrodes  was  250  V.  The  signals  were  not  normalized  with  respect 
to  laser  power.  As  ksi  populated  principal  quantum  numbers  from  n=  18  to  n = 21.  the 
time  duration  of  tile  signal  shortened  due  to  the  increasing  rate.  What  was  most  striking 
here  was  the  re-emergence,  at  n = 20.  of  the  laser  pulse  shape.  Although  this  shape  was 
observed  for  the  lower  quantum  energy  levels  (n  = 10-12)  because  of  the  low  efficiency 
of  collisional  ionization,  its  reappearance  at  these  high-lying  levels  was  due  to  an  entirely 
different  reason:  the  rate  of  collisional  ionization  was  so  large  that  its  reciprocal  value 
was  much  shorter  than  the  duration  of  the  laser  pulse.  At  n = 21,  collisional  ionization 
was  so  fast  that  the  waveform  resembled  that  of  the  exciting  laser  beam;  as  a 
consequence,  at  these  higher  levels,  deconvolution  of  the  collisional  and  photoionization 
components  again  became  difficult.  This  waveform  can  be  compared  to  that  generated 
with  DensMat  for  a collisional  rate  constant  ofk  = 0.2  s'1  (see  Fig.  3-3);  it  is  clear  that  the 
trend  observed  as  the  principal  quantum  number  of  the  Rydberg  level  increased  follows 
the  trend  simulated  for  increasing  the  collisional  rate  constant.  As  previously  stated,  we 
attributed  this  trend  to  the  collisional  ionization  component  of  the  signal;  the  remainder  of 
our  work  sets  out  to  further  prove  this  hypothesis. 


Signal  re.  Pressure 

The  effect  of  the  buffer  gas  pressure  on  the  collisional  ionization  signal  is  shown 
in  Figure  3-6.  Here,  the  parameter  chosen  to  show  this  effect  was  the  full  width  at  half 
maximum  (FWHM),  plotted  os  a function  of  the  pressure  of  the  buffer  gas  in  the  cell. 
The  component  related  to  collisional  ionization  was  visually  extracted  from  that  due  to 
photoionization.  The  buffer  gas  used  was  Ar;  was  tuned  to  n = 13  and  the  potential 
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pressure  (Torr) 


Figure  3-6.  FWHM  of  signal  vs.  pressure. 


I 2 Ton. 


58 


applied  between  the  electrodes  was  240  V.  As  the  pressure  increased  to  about  I Ton.  a 
decrease  in  signal  duration  occuned.  showing  a minimum  around  2 Ton.  After  that,  an 
increase  in  signal  duration  with  increasing  pressure  was  again  observed.  This  result 
further  confirmed  the  source  of  this  component  as  being  due  to  collisional  ionization 
according  to  the  following  explanation.  At  lower  pressures  (SI  Ton),  the  FWHM 
depended  only  on  the  rate  of  collisional  ionization.  On  this  descending  part  of  the  curve, 
photoionization  and  collisional  ionization  could  be  independently  observed  as  they 
occuned  and  could  be  identified  as  a function  of  their  rates  (photoionization  resembles 
die  laser  pulse  shape  and  the  collisional  ionization  rate  is  a function  of  the  Rydberg  state 
excited).  At  these  lower  pressures,  the  rate  coefficient  for  collisional  ionization  can  be 
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phoioiomzation  signal  components  were  hidden  within  a longer  signal  profile  which 
gradually  became  a fiinction  of  ion  population  vs.  time  rather  than  an  observation  of  the 
two  ionization  processes.  In  this  case,  since  we  are  dealing  with  the  convolution  of  both 
the  ion  formation  and  detection  processes,  the  two  components  could  not  be  identified  or 
distinguished  from  each  other  without  difficulty.  That  is  to  say,  the  signal  observed  was 
temporally  dependent  primarily  on  the  electron  drift  velocity  and  therefore  could  not  be 
simply  attributed  to  the  ion  formation  process,  like  that  seen  at  pressures  si  Torr.  To 
increase  the  velocity  of  the  electrons  and  again  observe  the  two  components  separately,  a 
higher  potential  could  have  been  applied  to  the  electrodes.  However,  this  would  have 
introduced  a risk  of  electrical  breakdown  and  possible  damage  to  the  preamplifier.  For 
this  reason,  this  technique  was  limited  to  lower  potentials  and,  as  a result,  to  pressures  <5 
Toit. 

The  effect  of  pressure  on  the  ionization  signal,  at  constant  collection  voltage  (250 
V),  can  be  further  observed  in  Figure  3-7.  In  (a),  the  effect  of  the  buffer  gas  pressure  on 
the  two-step  (X,2  + Xa,  with  no  XM)  signal  is  presented.  At  60  mTorr,  the  characteristic 
laser  pulse  waveform  was  observed,  indicating  that  photoionization  was  dominating. 
Increasing  the  pressure  to  600  mTorr  allowed  some  collisional  ionization  to  occur,  while 
increasing  the  pressure  to  6 Torr  showed  a decrease  in  signal  intensity.  At  60  Ton.  the 
signal  was  barely  detectable.  This  behavior  was  then  compared  to  that  of  the  three-step 
a“  added)  waveform  “ " ■ 18-  as  seen  in  (b).  At  60  mTorr,  the  collisional  ionization 
signal  lasted  -150  ns.  When  the  pressure  was  increased  to  600  mTorr.  a much  more 
intense  signal  occurred  lasting  about  the  same  amount  of  time,  but  with  an  unexpected 
longer  tail  which  is  difficult  to  explain.  The  collisional  ionization  signal  begins  to 
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temporally  broaden  at  6 Ton  until,  at  60  Ton.  it  is  much  broader  and  barely  detectable. 
The  same  type  of  behavior  as  in  Figure  3-6  is  apparent:  however,  the  observations  at  n = 
1 8 indicate  that  the  shape  of  this  curve  differed  for  different  Rydberg  levels. 

Signal  vs.  Beam  Position  Between  Electrodes 

Further  proof  that  collisional  ionization  was  being  observed  was  obtained  by 
monitoring  the  signal  as  a fimetion  of  the  overlapping  laser  beam  position  between  the 
electrodes.  An  air  pressure  of  100  mTore  was  used,  with  250  V applied  between  the 
electrodes,  and  was  tuned  to  n = 14.  As  seen  in  Figure  3-8,  the  most  intense  signal 
was  obtained  when  the  beams  were  directly  in  front  of  the  high  voltage  electrode. 
However,  the  signal  duration  remained  practically  constant  and  independent  of  the 
position  of  the  beams.  From  this,  it  could  be  confirmed  that  collisional  ionization  was 
being  observed  as  it  indeed  occurred,  as  any  change  in  the  time  duration  of  the  waveforms 
would  have  indicated  that  the  signal  was  instead  a fimetion  of  the  electron  mobility.  In 
other  words,  if  the  signal  was  dependent  on  the  electron  mobility  or  on  the  configuration 
of  the  electric  field,  then,  as  the  beams  were  moved  away  from  the  high  voltage  electrode, 
the  duration  of  the  signal  would  have  increased  due  to  electron  drift. 


Signal  is.  Loser  Power 

In  order  to  support  the  claim  that  collisional  ionization  between  the  excited  atoms 
and  the  buffer  gas  was  observed,  it  was  felt  that  it  would  be  interesting  to  assess  the 
possible  existence  of  associative  ionization.  Associative  ionization  is  that  contribution  to 
the  ionization  signal  by  excited  mercury  atoms  that  combine  to  form  ionic  dimer 
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molecules  (Hgz‘).  The  best  way  10  prove  or  disprove  associaiivc  ionization  is  to  change 
die  number  density  of  the  excited  atoms  (Hg‘),  as  a linear  change  in  tile  number  of 
excited  atoms  would  affect  the  change  in  the  number  of  ionic  dimers  quadratically. 
Rather  than  change  the  number  density  of  Hg  in  the  cell,  the  laser  power  was  varied 
because  a linear  change  in  laser  power  will  have  a linear  effect  on  the  number  of  excited 
atoms  and  therefore  a quadratic  effect  on  any  associative  ions  according  to  the 
relationship 

R,  - n Yvo  (3-2) 

where  R.  is  the  associative  ionization  rate  constant  (Hz  cm'5),  n'  is  the  concentration  of 
the  excited  state  population  (atoms/cm*),  v is  the  velocity  of  buffer  gas  (cm/s)  and  a is  the 
cross-section  of  associative  ionization  (cm2).  While  a linear  relationship  between  laser 
power  and  ionization  signal  does  not  prove  associative  ionization,  it  is  indicative  of  a 
collisional  rather  than  an  associative  ionization  mechanism.  As  with  the  location  of  the 
overlapping  beams,  a decrease  in  laser  power  of  A*  should  have  no  effect  on  the  temporal 
duration  of  collisional  ionization,  while  any  associative  ionization  would  be  affected. 
The  effect  can  be  seen  in  Figure  3-9  for  levels  with  principal  quantum  numbers  n =■  14 
(Figure  3-9a)  and  n = 26  (Figure  3-9b).  In  this  cose,  the  Xu  power  was  attenuated  such 
that  there  was  no  detectable  signal  from  only  X,2  * Ajj;  in  this  way,  the  photoionization 
source  was  almost  eliminated.  An  air  pressure  of  100  mTorr  was  used  with  250  V 
applied  between  the  electrodes.  As  can  be  seen  in  Figure  3-9,  the  signal  dropped  in 
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Figure  3-9  (continued). 
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intensity  as  the  power  was  attenuated,  but  the  temporal  behavior  and  duration 
remained  unchanged.  The  decrease  of  the  signal  intensity  with  respect  to  the  laser 
intensity  at  Xu  was  linear,  supporting  the  claim  that  the  signal  was  due  to  collisional 
ionization.  Also,  because  the  duration  and  shape  of  the  signal  did  not  change,  it  could  be 
assumed  that  the  concentration  of  species  responsible  for  collisional  ionization  did  not 
change.  This  proved  that  collisional  ionization  depended  on  the  concentration  of  buffer 
gas  atoms  and/or  molecules  (as  in  equation  3-1)  and  not  the  excited  Hg  atoms  (as  in 
equation  3-2). 


Conclusions 

This  work  has  demonstrated  the  possibility  of  obtaining  simultaneous,  and  yet 
separate,  information  about  photoionization  and  collisional  ionization  in  a single  lime- 
resolved  waveform,  obtained  when  Hg  atoms  are  excited  in  a low  pressure  gas  cell.  It  has 
been  shown  that  the  signal  due  to  photoionization  resembled  the  laser  pulse  shape  that 
created  it  and  therefore  occurred  during  the  time  duration  of  this  pulse,  while  the 
collisional  ionization  signal  had  a longer  temporal  duration  (200-800  ns),  depending  on 
the  buffer  gas  pressure  and  the  Rydberg  level  from  which  collisional  ionization  occurred. 
This  experimental  evidence  agrees  with  that  obtained  by  simulating  the  actual  conditions 
with  the  DensMat  model.164  Observations  ranged  from  n - 10,  from  which  little 
detectable  collisional  ionization  could  be  observed,  to  n = 26.  where  collisional  ionization 
occurred  so  rapidly  collisional  ionization  could  not  be  distinguished  from  the 
photoionizalion  component.  It  was  farther  observed  that  this  type  of  measurement  must 


difficult  to  extract  the  specific  process  from  the  signal.  From  these  results,  we  can 
conclude  that  any  analytical  measurements  made  using  this  technique,  for  a buffer  gas  at 


room  temperature,  must  be  made  at  a gas  pressure  of  £5  Ton  and  with  ionization  from 
levels  n = 10-20  in  order  to  achieve  greater  selectivity. 


In  order  (o  obtain  die  besl  signal-to-noise  ratio  using  RIS,  one  should  directly 
determine  the  spectroscopic  characteristics  of  the  ionizing  atoms,  such  as  the  linewidth  in 
a buffer  gas  and  the  splitting  and  shift  of  the  lines  in  an  electric  field.  It  is  interesting  to 
note  that  Rydberg  atoms  were  first  studied  by  observations  of  the  shifts  and  broadenings 
that  occtuied  in  their  spectral  lines  due  to  electric  field  and  pressure  effects.1® 

Atoms  are  substantially  affected  by  an  applied  external  field  when  they  are  in 
highly  excited,  or  Rydberg,  states,1411®  Here,  die  contribution  of  Stark  effects  to  the 


e observations  in  Rydberg  stat< 


beam  resonance  ionization  spectroscopy  (RIS)'“  and  conventional  RIS.'“  for  aluminu 
by  conventional  RIS,1’0  and  for  barium  by  high  resolution  RIS.171 
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The  broadening  and  shifting  of  atomic  lines  due  to  collisions  with  a foreign  gas 
has  been  studied  and  reviewed  extensively.173  The  main  cause  of  line  broadening  is  the 
difference  of  the  interaction  energies  between  the  radiating  atom,  in  both  the  initial  and 

combination  of  natural  broadening.  Doppler  broadening  (which  prevails  at  low  pressures) 
and  Lorentz  broadening  (which  dominates  at  pressures  above  a few  Torr).  Collisions  of 
the  absorbing  atoms  with  foreign  gas  molecules  induce  radiationless  transitions  and  result 
in  a decrease  in  the  lifetime  of  the  excited  states.  By  measuring  the  half-width  of  the 
spectral  line.  Avl,  one  can  calculate  the  number  of  collisions  experienced  per  second  by 
an  atom.  The  first  measurements  of  collision  properties  of  Rydberg  atoms  were  carried 
out  by  Amaldi  and  Segre,173  which  involved  the  study  of  the  spectrum  of  potassium  in  the 
presence  of  noble  gases.  Techniques  used  to  measure  line  broadening  and  shifts  include 
Doppler-free  two-photon  spectroscopy174  and  the  tri-level  echo  technique.175 

In  this  work,  the  RI  spectroscopic  characteristics  of  various  Rydberg  states  for 
mercury  in  a buffer  gas  were  studied.  A three-step  excitation  scheme  for  mercury163  was 
used,  in  which  the  third  step  excited  the  atom  to  a Rydberg  level  near  the  ionization 
continuun  Measurements  were  made  in  a quartz  cell  containing  mercury  vapor  and 
n occurred  via  two  electrodes,  located  within  the 
is  applied.  In  this  way,  the  Rydberg  lines  were 
d foreign  gas  pressure,  the  goal  being  to  find  the 


:er  gas  at  varying  pressures.  Detei 


observed  as  a function  of  electric  Belt 
Rydberg  level  and  the  operating  cc 


nalytical  RI  i 


71 

important  for  some  (higher)  levels  than  for  others.  The  sensitivity  of  the  RI  method 
would  be  decreased  by  Stark  and  pressure  broadening  effects  encountered  at 
unnecessarily  high  principal  quantum  numbers  and  excessively  high  voltages. 

A set  of  conflicting  requirements  exists  with  respect  to  the  optimization  of  the 
signal-to-noise  ratio.  To  saturate  the  transitions  and  increase  the  signal,  the  power  of  the 
laser  radiation  should  be  increased.  However,  in  this  case,  a parasitic  signal  due  to 
multiphoton  ionization  of  matrix  gases  could  also  be  present  to  a greater  extent.  Due  to 
the  strong  quenching  of  Hg  excited  states  which  occurs  in  air  under  atmospheric 

increased  by  at  least  100  - 500  times.  To  decrease  the  negative  effects  of  quenching  and 
muitiphoton  ionization,  one  can  either  decrease  the  pressure  or  mix  the  air  containing  Hg 
with  Ar  (0.1  - 10  Tore)  in  the  cell  in  which  Hg  is  measured.  In  this  case,  the  laser  power 
required  to  achieve  saturation  can  be  lowered  by  2-3  orders  of  magnitude.  Another 


contradiction  lies  in  the  necessity  of  measuring  the  signal  using  electrodes  between  which 
a high  voltage  must  be  applied.  The  electric  field  can  induce  Stark  splitting  and  shifts  of 


i the  Rl  i 


previous  chapter  (Figure  3-1).  The  calculated  wavelengths  and  corresponding  energies  of 
the  three  dye  laser-connected  transitions  are  listed  in  Table  4-1.  In  this  table,  the 
expected  transitions  as  tabulated  by  Moore16’  and  Baig1’6  and  as  observed  in  this  work 
are  listed.  The  data  tabulated  by  Moore  was  collected  from  reports  dating  up  to  1955. 
Only  principal  quantum  numbers  up  to  n - 26  were  observed  at  that  time.  The  transitions 
observed  by  Baig  in  1983  extend  up  to  n = 37  for  the  np  'P,°  series  and  n = 48  for  the  np 
JPi°  series,  but  there  is  no  reported  observation  of  the  np  ’P;°  series. 

The  wavelengths  observed  in  this  work  have  an  uncertainty  of  ±5  pm,  due  to  the 
bandwidth  of  the  laser.  This  corresponds  to  an  uncertainty  of  ±0.5  cm-'  in  the  calculated 


contained  a small  amount  of  mercury  a 
At  atmospheric  pressure,  the  Hg  numbet 
also  housed  two  planar  Ni  electrodes  a 
argon  supply,  which  allowed  varying  pr 
cell.  Due  to  the  poor  performance 
composition  of  gas  in  the  cell  at  the  lows 


md  varying  pressures  of  buffer  gas  (air  or  argon), 
r density  in  the  cell  was  - 4 x 1013  cm-J.  The  cell 

■essures  (100  mTorr  - 800  Ton)  of  argon  into  tile 
of  the  vacuum  system  at  low  pressures,  the 
est  attainable  pressures  (-75  mTore)  was  air 


Tabic  4-1.  Excitation  transitions  for  Hg  for  laser-connected  levels  1, 2. 3.  and  4 
(Rydberg  level),  as  tabulated  by  Moore.165  Baig,176  and  in  this  work  for  n - 6.7.10-48. 
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Table  4-1  continued. 


U1" 

Pncrip.  Energy, 

Wavelength  | Wavelength 

Wavelength 

-L?pll,l 

83691.3  83693.92 

83695  3 

468  454  46.406 

468  366 

JOcjV. 

83743.68 

83699  5 

- 467306 

20p’P,' 

83745.7 

837506 

20p'Pi‘ 

- 1 83753.50 

83754  7 

467  092 

467  067 

21p’Pi 

83795  9 

'“in’ 

83792.8 

466  236 

Ur'' 

466  025 

83838  2 

22p’P-“ 

83834.5 

83842  0 

465.33| 

J65  16. 

aap'P.*1 

83844  9 

465  ,31 

23p'P,” 

83873.06 

83874  3 

464  500 

464  473 

83868.0 

83877  6 

464  609 

161  102 

^P'P'a 

83878  61 

83880  1 

*61  TIP 

16,  711 

24p,P,“ 

83903  74 

83904  9 

a.a.,1 

MPV 

83892.6 

83907  7 

464  078 

J6t  7(1 

24p'P,u 

83908.46 

83909  9 

463  737 

I6t  706 

8393001 

83931  3 

83920.8 

83933  7 

463  471 

It]  1"' 

25p'P,° 

83934.09 

83935  5 

463  186 

.61  t«« 

26Plp'' 

83952.84 

83954  0 

462  784 

■ , - 

26p'p.“ 

83942.0 

83956  0 

463  016 

,6,  7,6 

26p'P,u 

83956.57 

83957  7 

462  704 

16V,™ 

27p‘P,° 

8397243 

83973  8 

16V  .6, 

J6V11- 

2’PV 

83975  6 

. ..  - 

83977  2 

16V  V61 

83989  85 

83991  4 

161  OOP 

in  Kg 

83992.8 

i6i 

28jP. 

83992.75 

83994  4 

461  930 

Ml  rf 

84005  ’1 

,01  flf|| 

in  n " 

29p'P- 

84007  8 

iri 

29plP,° 

84007  85 

84009  9 

461608 

in  177 

30p'P,“ 

84018.72 

84020.1 

461.376 

461.348 

84020  98 

"MOTT 

3IP‘P.° 

461  113 

ilt'Vi 

84003.0 

461.072 

75 


76 

vaiying  potentials  (0  - 1.5  kV)  to  the  cell,  while  the  other  was  connected  to  a low-noise 
charge  sensitive  preamplifier  (Avangard,  Inc-  Russia).  The  amplified  signal  was 
averaged  using  a boxcar  averager  (Model  SR560.  Stanford  Research  Systems.  Sunnyvale 
CA)  and  recorded  on  a laptop  computer.  In  addition,  the  amplified  R1  waveform  was 
displayed  on  a fast  digitizing  oscilloscope  (Model  620A.  Tektronix.  Beaverton,  OR), 

Results  and  Discussion 


Assigning  Spectral  Lines 


In  order  to  observe  the  spectral  lines  that  were  being  excited  ftom  the  second 
excited  level  by  the  third  laser  connected  step,  XJ4  was  scanned  over  the  range  455  - 539 
nm.  The  air  pressure  in  the  cell  was  100  mTotr,  and  the  voltage  applied  between  the 
electrodes  was  40  V.  A series  of  lines  was  observed  emerging  ftom  the  continuum 
(calculated  as  457.7  nm),  which  became  more  spread  out  with  increasing  wavelengths. 
Each  principal  quantum  number  was  observed  as  three  lines;  these  lines  were  more 
resolved  at  lower  n and  began  to  merge  together  as  the  lines  approached  the  continuum, 
as  seen  in  Figure  4-1 . Lines  with  principal  quantum  number  up  to  n ' 42  were  observed 
(with  an  applied  voltage  of  40  V)  before  the  lines  merged  into  the  continuum.  Only  those 
lines  up  to  n = 34  were  assigned  (as  seen  in  Table  4-1)  due  to  the  merging  of  the  triplet 
observed  as  the  continuum  is  approached.  Inset  (i)  shows  the  lines  closest  to  the 
continuum  (n  a 32).  After  observing  the  spectrum  as  a function  of  the  XM  laser  power,  it 


Figure  4-1.  Spectrum  ofHg  Rydberg  States. 


ring  the  triplets  i 


was  clear  that  none  of  these  levels  were  saturated.  When  observ 
Figure  4-1.  one  might  expect  these  lines  to  be  attributed  to  the  73Si  ->  up  ;P0°,  ’p,®  and 
Pj  transitions.  However,  fiuther  studying  of  these  lines  showed  that  they  can  be 
attributed  from  blue  to  red  as  'P|°,  !P2°,  3P°.  At  an  air  pressure  of  75  mTotr  and  with 
350  V applied  between  the  electrodes,  the  7!S|  ->  np  3P„°  transition  was  observed  as  very 
weak  lines  only  for  n = 10.  1 1.  and  12  (n  = 12  is  shown  in  Figure  4-2).  In  this  way,  all 
allowed  transitions  were  observed,  including  those  with  n values  previously  not  tabulated. 

The  wavelengths  observed  in  this  work  correspond  more  closely  with  those  of 
Baig,176  especially  those  above  n = 14,  than  those  of  Moore.163  Although  Baig  reports  no 
values  for  the  np  3P!°  levels,  the  trend  observed  for  the  np  'P|°  and  np  3P|°  series  is  the 
same  as  that  observed  in  this  work  for  all  three  series,  with  calculated  wavelengths  within 
30  pm  of  those  observed  by  Baig. 

seen  in  Figure  4-l(ii).  These  lines  do  not  correlate  with  the  triplets  which  correspond  to 
each  principal  quantum  number.  One  possible  explanation  for  the  appearance  of  these 
lines  is  that  they  conespond  to  a normally  forbidden  transition  occurring  for  very  high  n 
values,  when  the  mixing  of  Rydberg  states  can  occur  even  for  weak  electric  fields.ul 

Stark  Effects 

The  Stark  effect  causes  splitting,  shifting,  and  mixing  of  high-lying  Rydberg  states 
with  increasing  electric  field.  This  rather  pronounced  effect  can  be  observed  for  n - 14 
A nondisturbed  spectral  line  shape 


with  60  mTorr  of  air  in  Figure  4-3. 
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Figure  4-2.  Spectral  lines  attributed  to  12  3P  0 and  !P  «. 


wavelength  (nm) 

Figure  4-3.  Effect  of  high  voltage  on  n = 14  (Stark  effect). 


applied  voltages  of  400  - 600  V.  However,  at  higher  voltages  (up  to  1250  V),  the  peak 
becomes  significantly  broadened  and  some  shifting  is  observed. 

However,  the  Stark  effects  at  n - 14  can  be  considered  negligible  compared  to 
those  that  occur  for  higher  lying  Rydberg  states.  Because  the  orbital  radius  of  the 
Rydberg  electron  increases  with  n1  and  the  binding  energy  decreases  with  l/nJ,  Stark 
effects  become  more  dominant  with  increasing  n.  For  higher  n levels,  the  electron  is 
more  easily  coupled  to  the  electric  field.  This  can  be  observed  in  Figure  4-4,  which 
compares  the  spectra  for  n = 25, 26,  and  27  at  300  mTorr  of  air,  for  applied  voltages  of 
200  V and  365  V . In  both  cases,  the  difference  in  the  electric  field  had  a visible  effect  on 
the  spectral  line  shapes.  For  all  three  n values,  the  !P,°  and  5P2°  lines  broaden  with 
increased  voltage.  However,  the  most  pronounced  Stark  effects  are  observed  for  the  'P,0 
state,  which  appears  to  experience  both  splitting  and  broadening,  to  the  extent  that  it 
merges  into  the  3Pj°  state. 

At  n a 30,  the  most  pronounced  influence  of  the  Stark  effect  is  the  mixing  of  the 
three  observed  states,  as  seen  in  Figure  4-l(i).  Even  at  low  applied  voltages  (~  40  V),  the 
mixing  becomes  so  efficient  (especially  the  singlet  state  with  the  nearby  !Pj°)  that  it  is 
impossible  to  deconvolute  one  state  from  another  at  - n = 32.  For  these  higher  levels,  it 
is  also  impossible  to  compare  different  voltages  to  observe  broadening,  as  broadening  is 
occurring  even  at  the  lowest  voltages  necessary  for  electrical  detection.  This  broadening 
is  not  only  a result  of  Stark  effects,  but  also  a result  of  the  breakdown  of  well-defined 
states  that  exist  near  the  continuum.  At  some  point,  the  highly  excited  Rydberg  electron 
is  residing  in  states  that  can  no  longer  be  defined  as  bound  states;  this  is  another  reason 
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(a) 


Figure  4-4.  Spectrum  ofn  = 25, 26, 27. 


463.5 


(b) 


Buffer  Ga 


Rydberg  states.  as  can  be  seen  for  n = 10  in  Figure  4-5  with  200  V applied  between  the 
electrodes.  In  addition  to  these  pressure  effects,  which  occur  to  varying  degrees  for  all 

Figure  4-5)  and  even  the  appearance  of  new  spectral  features  at  higher  pressures.  Unlike 
Stark  effects,  the  broadening  and  shifting  of  spectral  lines  do  not  increase  with  n with 
increasing  pressure.  However,  for  low-lying  Rydberg  states  (n  < 10),  these  effects  do  in 
fact  increase  with  pressure.  As  the  orbital  radius  increases,  so  does  the  Rydberg  atom's 
interaction  sphere  and  thereby  the  probability  of  a collision  with  a perturber.  However,  at 
higher-lying  states,  the  Rydberg  electron  is  so  far  from  the  ionic  core  of  the  atom  that  the 
atom  becomes  "transparent"  to  collision  partners  and  the  probability  of  interaction 
decreases  and  even  approaches  zero.15'  For  this  reason,  a maximum  in  line  width  is 
observed  with  increasing  n for  higher  pressures;  this  maximum  is  predicted  to  occur 
around  n =10.  This  was  observed  to  occur  in  the  case  of  mercury;  after  this  was 
observed,  measurements  for  n i 10  were  made  with  100  V applied  between  the 
electrodes,  as  seen  in  Figure  4-6. 

For  both  3P2°  (Fig.  4-6a)  and  3P|°  (Fig.  4-6b),  the  linewidth  decreases  for  principal 
quantum  numbers  between  n = 10  and  n = 15  and  reaches  a plateau  for  higher  n values. 
For  the  3P;°  states,  a symmetrical  line  appears  with  changing  halfwidth  for  each  n until 
the  merging  of  the  three  states  makes  it  impossible  to  define  the  true  halfwidth  of  each 
individual  state.  For  fee  3P,°  states,  „o,  only  does  fee  line  for  each  „ become  broader 


asymmetrical,  wife  some  tailing  to  the  red. 


wavelength  (nm) 

Figure  4-5.  Effect  of  pressure  on  n = 10. 
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Figure  4-6  (continued). 


Figure  4-6  (continued). 


(Fig.  4-6c), 
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the  same  trend  in  line  broadening  with  increasing  n is 
observed  but  with  no  plateau.  For  this  state,  new  spectral  features,  which  increase  with 
increasing  pressure,  are  observed,  in  addition  to  an  asymmetry  similar  to  that  found  for 
'Pi  . From  this,  as  from  the  exaggerated  Stark  effects  on  this  transition  as  compared  to  the 
triplet  states,  it  is  clear  that  the  *P|°  is  more  easily  perturbed  by  outside  influences  than 
the  P1.2  states.  This  occurs  because  the  parallel  spins  of  the  two  mercury  valence 
electrons  (one  in  Rydberg  state  and  one  in  its  ground  state)  of  the  triplet  state  remain 
more  bound  than  the  paired  spins  of  the  two  electrons  in  the  singlet  state.  This  lack  of  a 
bound  relationship  to  the  valence  electron  closer  to  the  ionic  core  makes  the  singlet  state 
Rydberg  electron  more  susceptible  to  outside  influences. 


Conclusions 

In  this  work,  several  excitation  schemes  of  Rydberg  states  for  Hg  have  been 
presented  and  assigned.  The  effect  of  higher  pressures  of  the  buffer  gas  on  the  structure 
of  the  Rydberg  levels  was  found  to  be  significant.  In  addition,  this  effect  was  observed  to 
be  greatest  for  a = 10;  for  larger  values  of  n,  the  effect  became  less  pronounced.  The 
applied  electric  field  (Stark  effect)  was  observed  to  become  increasingly  influential  on  the 
level  structure  with  increasing  principal  quantum  number  and  was  most  pronounced  for  n 
>14,  By  studying  the  spectral  characteristics  of  Hg  Rydbeig  levels,  one  can  choose  the 
optimal  excitation  level  and  operating  conditions  for  obtaining  the  best  analytical 
sensitivity  and  limit  of  detection  available  by  RIS  for  Hg.  From  the  results  shown  here, 
it  appeals  that  the  optimal  results  for  the  detection  of  Hg  in  a buffer  gas  are  obtained  by 


90 

exciting  n = 10-M  at  tile  lowest  possible  pressure  of  buffer  gas  (-60  mTorr).  with  a high 
voltage  of  no  more  than  250  V applied  between  the  electrodes. 


CHAPTERS 

RESONANCE  IONIZATION  OF  MERCURY  ATOMS  IN  AN  INERT  ATMOSPHERE 
WITH  AVALANCHE  AMPLIFICATION  OF  THE  SIGNAL 

II  has  bran  shown'40,14'  thai,  under  certain  experimental  conditions,  resonance 
ionization  methods  are  capable  of  detecting  single  atoms  in  an  atmosphere  of  inert  gas  or 


3i,  Ge,  In,  Pb,  Sb,  Se,  Sn,  Te,  and  Tl),  the  method  of  hydride  generation  is  widely 


used  to  form  gaseous  analytes."" 
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In  addition  .0  cold  vapor  generation,  there  are  several  other  methods  which 
involve  cold  atomization.  For  example,  the  sample  can  be  evaporated  in  a low 
temperature  atomizer  or  by  pulsed  or  CW  laser  radiation  and  the  resulting  vapor 
selectively  ionized  and  detected.'®  Using  a glow  discharge,  created  by  a fast  electrical 
pulse,  nonselectively  ionized  panicles  can  be  rapidly  removed  and  the  analyte  again 
selectively  ionized  and  detected  in  a background-free  buffer  gas.l!! 

Compared  to  other  methods,  cold  atomization  can  be  advantageous  in 
combination  with  laser  ionization  spectroscopy  techniques  as  it  can  lead  to  a dramatic 
improvement  of  the  detection  limit  of  the  atoms  probed  by  the  laserfs),  and  consequently 
of  those  present  in  the  original  sample.  This  is  due  to  (1)  the  elimination  of  charged 
background  particles  due  to  thermal  ionization;  (2)  the  feasibility  of  an  avalanche  effect 
in  the  buffer  gas,  which  increases  the  signal  by  several  orders  of  magnitude;'”  and  (3)  the 
fact  that  because  the  spectral  lines  are  narrower,  less  energy  is  required  to  saturate 
transitions  at  low  temperatures.  The  third  advantage  is  important  because  low  laser 
irradiance  potentially  decreases  the  probability  of  multiphoton  ionization  processes  in  the 
buffer  gas  and  the  resulting  high  background  levels.  For  these  reasons,  counting  atoms  in 
real  samples  using  cold  atomization  becomes  a real  possibility. 

The  first  step  in  realizing  this  goal  must  be  the  determination  of  optimal 
conditions  for  collisional  ionization  and  photoionization  while  minimizing  the 
background  due  to  nonselective  multiphoton  ionization.  At  the  same  time,  conditions  to 
achieve  the  optimal  avalanche  amplification  of  the  signal,  while  retaining  proportionality 
between  the  signal  and  the  number  of  atoms  in  the  interaction  region,  must  be  found. 


93 

The  aim  of  this  work  was  to  fmd  these  optimal  conditions  as  well  as  the  optimal 
excitation  transitions,  laser  energy  and  electric  field  which  would  allow  one  to  reach  the 
ultimate  detection  limit  for  mercury  atoms  in  an  inert,  gaseous  environment  at  ambient 


Experimental 

The  experimental  setup  used  in  this  work,  shown  in  Figure  5-1  for  the  sake  of 
clarity,  is  similar  to  the  one  described  Chapters  3 and  4.  The  transitions  to  be  studied,  as 
tabulated  by  Moore.'6’  are  listed  in  Table  5-1.  The  corresponding  wavelengths  (in  air)  of 
the  three  laser-connected  steps  were  calculated  from  these  transitions. 

The  beams  were  directed  with  mirrors  and  prisms  into  the  sample  cell.  This  cell 
is  shown  in  Figure  5-2  in  its  two  detection  configurations.  The  cell  itself  was  a 15-cm 
long,  I cm  i.d.  fiised  silica  tube  plugged  at  the  top  with  a ceramic  stopper,  through  which 
a 2 mm  hole  was  bored  vertically  through  the  center.  The  fiised  silica  tube  was  connected 
to  an  Ar  or  P-10  gas  (90%  Ar,  10%  CHi)  tank  with  a small  fiised  silica  reservoir  in 
between.  This  reservoir  contained  a small  amount  of  elemental  Hg.  In  this  way,  tacit  gas 
was  passed  over  the  liquid  Hg  at  flow  rates  of  1-100  ml/min.  picking  up  Hg  atoms  in  the 
vapor  phase  and  carrying  them  through  the  detection  cell.  An  additional  gas  line  was 
connected  to  the  output  of  the  Hg  reservoir  in  order  to  allow  dilution  of  the  Hg  atoms  in 
the  inert  gas  flow.  The  laser  beams  passed  through  the  cell  via  a 2 mm  hole  bored 
horizontally  through  the  ceramic  stopper  (Fig.  5-2a)  or  above  the  stopper,  with  the 
horizontal  hole  covered  to  prevent  loss  of  analyte  (Fig.  5-2b).  When  the  Hg-containing 
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Figure  5-1.  Experin 


Heating 


Inert 

gas  with  Hg  atoms 


Heating 

Inert 

gas  with  Hg  atoms 


Figure  5-2.  Detectic 


ively  ionized  and  the  resulting 


A planar  Ni  electrode  was  connected  to  a high  voltage  source  which  applied 
varying  potentials  (0  - 3 kV)  between  the  planar  electrode  and  a 0.1  mm  diameter  W wire 
electrode  which  was  connected  to  a low-noise  charge  sensitive  preamplifier  (Avangard, 
Inc.,  Russia).  The  amplified  signal  was  processed  using  a boxcar  averager  (Model 
SR560,  Stanford  Research  Systems,  Sunnyvale,  CA)  and  recorded  on  a laptop  computer. 
In  addition,  the  amplified  ionization  waveform  was  displayed  on  a fast  digitizing 
oscilloscope  (Model  620A,  Tektronix.  Beaverton,  OR). 

In  order  to  apply  heat  to  the  cell,  a heating  coil  was  wrapped  around  the  cell  and 
connected  to  a variable  voltage  transformer.  Insulating  tape  was  wrapped  around  the 
heating  coil.  With  this  system,  temperatures  up  to  550  K could  be  obtained  in  the  gas 
volume  which  was  irradiated  by  the  laser.  It  is  important  to  note  that  an  increase  in 
temperature  was  no.  applied  to  the  Hg  reservoir  since  our  aim  was  not  that  of  varying  the 
amount  of  mercury  passing  through  die  cell  but  rather  to  increase  the  number  of  collisions 
of  the  same  number  of  Hg  atoms. 


te  the  la 


i neutral 
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well  known  that  the  two  factors  influencing  the  rate  of  collisions!  ionization  are 
energy  difference  between  the  excited  atomic  levels  of  different  principal  qt 
number  (from  which  ionization  is  occurring)  and  the  ionization  continuum  and 
number  of  ionizing  collisions,  which  depends  on  the  temperature  in  and  arou 
interaction  region.  The  former  factor  was  studied  in  Chapter  3,  in  which  we  obsen 


or  of  the  rate  of  co 


ic  levels,  of  increasing 


rincipal  qu 


For  the  present  experiments,  the  electrode  configuration  presented  in  Fig.  5-2b 
ras  initially  tested.  However,  a significant  loss  of  signal  at  higher  temperatures  was 
ncountcred  with  this  setup.  These  losses  were  attributed  to  the  quenching  of  the  Hg 
xcited  states  as  a result  of  the  atoms  being  exposed  to  air  and  water  vapor  molecules, 
or  this  reason,  the  configuration  of  Fig.  5-2a  was  used  for  all  subsequent  temperature 
teasurements  in  order  to  keep  the  Hg  in  as  inert  an  atmosphere  as  possible. 

The  signal  was  measured  at  two  temperatures  (-300  K and  -550  K)  and  for 
:veral  different  final  excitation  steps  (XM)  corresponding  to  different  7s  - up  Jp,» 


tion,  the  behavior  of  the 


signals  ai  ihese  two  temperatures  as  a function  of  XS1  laser  energy  was  investigated  by 
using  the  variable  neutral  density  filter  wheel  to  attenuate  the  laser  energy.  The  results 
for  n = 10  <X„  = 535.400)  are  shown  in  Figure  5-3.  Clearly,  at  these  temperatures  and 
laser  energies,  no  indication  of  signal  saturation  due  to  the  attainment  of  maximum 

step  to  values  between  700-900  pJ,  the  data  (not  reported  in  Fig.  5-3)  did  not  show  a 
plateau.  In  addition,  at  any  given  value  of  laser  energy,  no  remarkable  difference  in  the 
magnitude  of  the  signal,  for  the  two  temperatures  in  the  figure,  can  be  seen.  Similar 

Tlie  dependence  of  the  behavior  of  the  ionization  signal  on  temperature  at  lower 
laser  irradiances  is  seen  in  Figure  5-4  for  n - 10,  1 1,  and  12.  In  this  case,  a fixed  laser 
energy  for  X*  of  0.1  ml  was  used  with  a beam  that  was  less  tightly  focused  than  for  the 
data  shown  in  Fig.  5-3;  therefore,  no  direct  comparison  between  the  two  figures  should  be 
made.  In  all  the  cases  shown  in  Figures  5-3  and  5-4,  the  signals  were  nomtalized  for 
thermal  expansion.  For  n = 10,  a moderate  increase  in  signal  was  achieved  with 
increasing  temperature,  while  a more  significant  dependence  was  seen  for  n = 11.  On  the 
contrary,  for  n - 12,  the  signal  showed  almost  no  dependence  on  temperature,  and  even  a 
slight  decrease  at  higher  temperatures. 

Although  a quantitative  explanation  of  the  above  results  is  not  possible  on  the 
basis  of  the  few  data  available,  a qualitative  interpretation  can  be  attempted  on  the 
following  grounds.  First  of  all.  it  is  reasonable  to  i 
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Figure  5-3.  Signal  vs.  X energy,  n = 10. 
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final  excited  level  contribute  to  the  signal  but.  at  these  temperatures  and  laser  energies, 
this  contribution  is  negligible  compared  to  photoionization. 

The  different  behavior  of  levels  n = 1 0. 1 1 . and  1 2 with  temperature  seen  in  Fig. 
5-4  can  be  attributed  to  a complex  interplay  between  several  parameters  such  as  energy 
difference  with  the  ionization  continuum  and  non-ionizing,  quenching  collisions,  which 
have  opposite  effects  on  the  magnitude  of  the  signal.  For  n - 10. 1 1.  and  12.  it  appears 
that  quenching,  collisional  ionization  and  photoionization  are  all  contributing,  but  our 
present  data  do  not  allow  us  to  extract  individual  contributions  to  the  overall  signal.  For 
the  data  presented  in  Fig.  5-4,  where  a less  focused  laser  was  used,  photoionization 
probably  plays  only  a small  role.  The  significant  increase  in  ionization  which  is  observed 
in  going  from  n = 10  to  n = 12  (at  low  temperatures)  further  supports  this  conclusion.  To 
summarize  these  speculations,  with  lower  laser  itradiance.  one  can  assume  that  collisional 
ionization  is  the  dominant  ionization  process  for  n = 10  and  1 1 and  the  larger  number  of 
collisions  at  increasing  temperatures  results  in  an  increasing  signal,  while  for  n = 12, 
quenching  may  dominate  over  the  other  processes  at  higher  temperatures. 

In  view  of  the  tact  that,  at  low  temperatures,  the  signal  observed  for  n = 12  was 
the  largest,  and  also  because  in  this  case  X»  (498.064  nm)  lies  at  the  peak  of  the  gain 
curve  of  the  dye.  this  Rydberg  level  was  used  in  all  subsequent  experiments. 

Avalanche  Amplification 

The  experiments  for  optimizing  the  avalanche  amplification  of  the  signal 
employed  the  electrode  configuration  shown  in  Fig.  5-2b  because  the  configuration  in 
Fig.  5-2a  resulted  in  noise  and  an  electrical  breakdown  occurring  between  the  two 
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3-step  results  in  curve  3.  In  this  way.  the  influence  of  space  charge  effects  was  avoided 
and  the  expected  sharp  rise  in  the  signal  with  high  voltage,  due  to  the  avalanche  effect, 
was  restored.  The  amplification  factor  for  the  HV  region  where  three  steps  could  be 
utilized  was  7.5.  and  the  remainder  of  the  amplification,  achieved  with  just  the  two  steps, 
was  121.  This  results  in  a total  amplification  factor  of  7.5  x 121  or  908. 

In  order  to  insure  that  the  avalanche  amplified  signal  was  related  to  the  initial 
number  of  charges  created  as  a result  of  the  ionization  of  Hg  atoms  in  the  laser  irradiated 
volume,  a spectral  scan  of  the  second  laser  step  was  performed  at  applied  high  voltages  of 
0.5  kV  and  2.7  kV  for  the  electrode  configuration  shown  in  Fig.  5-2a,  and  of  3 kV  for  the 
configuration  in  Fig.  5-2b.  These  results  are  shown  in  Figure  5-7.  When  comparing 
Figures  5-7b  and  5-7c,  it  is  clear  that  the  second  electrode  configuration  (Fig.  5-2b)  not 
only  prevented  electrical  breakdown  from  occurring,  but  also  resulted  in  a decrease  of  the 
random  fluctuations  of  the  signal  observed  at  high  voltages.  The  smoothed  and 
normalized  spectral  profiles  for  Xa  are  shown  in  Figure  5-8.  The  close  resemblance 
between  the  spectral  shapes  of  the  avalanche  amplified  signal  and  the  signal  observed  at 
low  voltages  (where  no  avalanche  amplification  occurs)  is  a clear  indication  that  the 
former  signal  carried  the  same  direct  proportionality  with  the  initial  number  of  charges 
(i-e..  Hg  atoms)  created  as  did  the  lancr. 


Limit  of  Detection 


The  overall  efficiency  of  ionization  (collisiona!  + photo)  for  the  different  excited 
Rydberg  levels  (n  * 10, 1 1.  and  12),  r|Ry  can  be  estimated  from  the  magnitude  of  the 
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X.  wavelength  (nm) 
Figure  5-7  (continued). 
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Figure  5-8.  Smoothed  and  normalized  spectral  profiles  of  Fig.  5-7. 
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ionization  signals  obtained  with  and  without  >.34,  with  the  assumption  that,  when  >.3 4 is 
absent,  the  signal  is  due  only  to  photoionization. 

The  reported  value  of  the  cross  section  for  photoionization  (ap.)  from  the  7s  3S| 
level  is  5.3  x 10'IS  cm1.165  The  wavelength  for  X23  was  435.832  nm,  which  corresponds 
to  2.84  eV  or  2.2  x 101*  photons  J'1.  Because  Xis  had  an  energy  of  22  pj  and  a beam 
diameter  of  0.0312  cm3,  this  corresponds  to  4.84  x I0IJ  photons  or  1.55  x 10ls  photons 
cm  ".  For  these  measurements,  the  pulse  energy  of  X13  was  reduced  to  22  pJ  in  order  that 
the  enhancement  factor  due  to  the  addition  of  >.34  could  be  measured  without  exceeding 
the  linear  range  of  the  preamplifier.  The  efficiency  of  photoionization  from  the  7s  3S| 
level  (two-step  excitation)  is  defined  here  as  the  product  of  the  laser  photon  fluencc,  Ep, 
(photons  cm  *),  at  X23  and  the  photoionization  cross  section,  i.e. 

1 (2-step)  = Ep,  x op,.  (5-1) 

TTie  use  of  the  above  values  gives  an  efficiency  of  0.0082  (0.82%).  The  enhancement 
factor,  E.F.,  for  the  three-step  excitation  (n  = 12)  over  the  two-step  excitation  was 
calculated  as 


E.F.  = signal  (X,  + Xj  + X3  V signal  (X2  + X|). 


(5-2) 
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:rom  the  experiment,  a value  of  32.3  was  calculated  for  n = 12.  Since  the 
rradiancc  of  both  X,2  and  was  more  than  sufficient  to  saturate  the  two  Hg  trt 
he  overall  ionization  efficiency  from  12p  3P°;  can  be  calculated  as 


lay  (3-step)  = p (2-step)  x E.F.  X 


where  g is  the  statistical  weight  of  the  first  Cgi),  second  (g2),  and  third  (gj)  levels.  In  this 
way.  hay  for  n = 12  is  calculated  to  be  0. 1 1 (11%).  It  is  important  to  point  out  that  further 
increase  in  the  laser  energy  density  for  i-u  led  to  the  appearance  of  a background  signal 
due  to  multiphoton  ionization  of  the  buffer  gas;  the  calculated  ionization  efficiency  of 
0.11  corresponds  to  the  best  measurement  with  minimal  background.  The  values 
calculated  similarly  forn=  lOand  11  are  0.051  and  0.055,  respectively. 

It  is  now  possible  to  estimate  a limit  of  detection  (LOD)  for  n - 12  with  avalanche 
amplification  of  the  signal.  The  preamplifier  used  in  this  study  was  previously  calibrated 
and  produced  0.15  pV  per  electron.1"  The  amplifier-noise  limited  LOD  was  determined 
to  be  1500  electrons.  With  an  avalanche  amplification  factor  of  908,  this  corresponded  to 
1500  e /908  or  1.65  electrons  per  laser  pulse.  For  n = 12,  with  an  ionization  efficiency  of 
0.11,  this  corresponded  to  (1.65  e7pulseV(0.1 1 e /atom)  or  about  15  atoms  per  pulse  in 
the  laser  irradiated  volume.  It  is  important  to  emphasize  that  this  was  for  a single  pulse 
measurement.  Typical  signal  averaging  procedures  would  have  provided  substantial  S/N 
enhancement.  While  this  calculation  shows  that  our  technique  provides  the  most 


tperimentally. 


Hg  contamination  of  the 


system,  a background  signal  of  approximately  10s- 104  Hg  atoms  in  the  intetactio 
was  observed.  This  background  could  not  be  eliminated  from  our  present  setup. 


It  has  been  shown  that  a detection  limit  of  several  atoms  in  a single  laser  pulse  can 
be  attained  for  the  RI  detection  of  Hg  atoms  in  P-10  gas  at  ambient  temperature.  This  is 
possible  due  to  an  avalanche  effect  which  increases  the  signal  by  nearly  three  orders  of 
magnitude.  Direct  proportionality  with  the  initial  concentration  of  atoms  is  rn.inti.in~t 
over  a large  dynamic  range.  This  avalanche  effect  provides  a detection  capability  of -1.6 
e'  during  a single  laser  pulse. 


CHAPTER  6 

METHOD  OPTIMIZATION  AND  ANALYTICAL  CONSIDERATIONS 


be  analytically  useful  for  the  ultratrace  detection 


we  as  to  determine  the  behavior  of  the  signal  as  a function  of  changing  concentration 
In  order  to  improve  the  limit  of  detection,  two  options  were  studied:  (I)  increasing  the 
avalanche  amplification  factor  and  (2)  increasing  the  efficiency  of  ionization.  With  these 


uny  .o . -n..n._  and  the  interfacing  of  a sample  introduction  system,  ultratrace  levels  of  Hg 
were  determined  from  aqueous  samples. 


Experimental 

The  experimental  setup  is  shown  in  Figure  6-1.  Two  dye  lasers  (laser  I. 
Molectron,  Portland,  OR;  laser  2.  Model  Scanmnte  1.  Lambda  Physik,  Acton.  MA)  were 
pumped  by  an  excimer  laser  (Model  LPX-240L  Lambda  Physik.  Acton.  MA)  operated 
with  XeCI.  The  excitation  scheme  with  the  wavelengths  of  the  two  dye  lasers  is  shown  in 
Figure  6-2.  Laser  dyes  used  include  Coumarin  500  (Exciton,  Dayton.  OH),  frequency 
doubled,  for  X,  and  Furan  2 (Lambda  Physik,  Acton  , MA)  for  X2.  Pulse  energies  were 
typically  100-150  raJ  for  the  excimer,  2-30  pi  fork,,  and  150-300  pi  for  X2. 


Oscilloscope 


Figure  6-1.  Experimental  setup. 
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The  tube  electrode  was  connected  to  a high  voltage  source  which  applied  varying 
potentials  (0-3  kV)  between  the  electrodes.  The  collection  electrode  was  connected 
through  a charge  sensitive  preamplifier  (Avangard,  Inc.,  Russia)  to  a fast  digitizing 
oscilloscope  (Model  620A,  Tektronix.  Beaverton  OR)  In  addition,  the  amplified  signal 
was  averaged  using  a boxcar  averager  (Model  SR560,  Stanford  Research  Systems, 
Sunnyvale,  CA)  and  recorded  on  a laptop  computer.  In  this  way,  the  resonance  ionization 
signal  was  detected  and  recorded. 


and  P-10  gas  cylinder  were  connected  to  the  cell  to  allow  varying  pressures  of  buffer  gas 


tube  (HV)  electrode 


electrode 
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comaining  two  planar  Ni  electrodes. 


Figure  6-4.  Quartz  cell  i 


light.  The  PMT  was  i 


was  used  to  detect  the  transmitted  253.7  nm  light.  The  PMT  was  masked  with  a 254  nm 
cutoff  filter,  and  the  signals  were  displayed  on  the  oscilloscope. 

Aqueous  samples  of  Hg  were  made  by  diluting  a 10  ppm  Hg  solution  (SPEX 
Chemical.  Metuchen,  NJ)  with  5%  HCI  (Optima  grade.  Fisher  Scientific)  in  water 
(Millipore  grade).  A solution  of  SnCI,  (3%  SnCI,,  15%HCI)  was  used  as  the  reducing 
agent  for  cold  vapor  generation.  The  solution  was  made  by  dissolving  the  SnCI,  in  the 
acid  and  diluting  with  Millipore  water.  As  any  Hg  contained  in  the  solution  h~-n- 
reduced.  the  solution  was  then  purged  with  Ar  gas  for  several  hours  to  remove  any  free 
Hg  from  the  solution.  A solution  of  2 M HCI  was  made  up  to  further  dilute  the  Hg 


TTie  apparatus  used  for  the  cold  vapor  generation  sample  introduction  is  shown  in 
Figure  6-5.  A glass  cylinder  (41  mL)  was  used  to  hold  the  solution,  which  consisted  of 
10  mL  2 M HCI.  3 mL  SnCI,  solution,  and  varying  volumes  of  100  ppb  Hg  (1.5  - 0.1  mL. 
corresponding  to  150  - I ng  Hg).  The  SnCI,  solution  was  added  last,  just  prior  to  sealing 
the  cell.  The  cell  was  sealed  with  a plastic  cork,  into  which  two  holes  had  been  drilled  to 
allow  gas  to  enter  and  exit  the  cell.  The  P-10  gas  was  passed  into  the  cell  via  Teflon 
tubing  and  through  the  cell  using  a gas  bubbler  with  a glass  frit,  which  was  submerged  in 
the  solution.  In  this  way,  P- 1 0 gas  was  bubbled  directly  into  the  solution  and  free  Hg  was 
purged  into  the  gas  phase.  The  resulting  gas  stream,  canying  free  Hg  (as  well  as  some 
water  vapor),  was  passed  out  of  the  generation  system  and  directly  into  the  electron 


vapor  generation  i 


s 6-5.  Cold' 


apparatus. 


The  procedure  for  Hg  atom  generaiion  involved  pipening  the  solution  into  the 
cell,  sealing  the  cell,  allowing  it  to  mix  for  three  minutes  (using  a magnetic  stireer).  and 
then  allowing  the  gas  to  bubble  through  the  solution.  With  this  cell,  ionization  signals 
lasted  as  long  as  3 minutes.  The  high  voltage  applied  between  the  electrodes  was  1.94 
kV,  and  the  P-10  gas  flow  rate  was  3.3  mL/s. 


Results  and  Discussion 


Performance  of  Excitation  Scheme 


With  the  excitation  scheme  described  in  previous  chapters,  the  highest  ionization 
efficiency  achieved  was  11%,  which  occurred  with  excitation  of  the  Rydberg  level 
corresponding  to  principal  quantum  number  n = 12.  In  order  to  improve  this  efficiency, 
the  excitation  scheme  was  changed  from  one  involving  collisions!  ionization  ftom  a 
Rydberg  level  to  one  involving  photoionization  to  an  autoionizing  level  above  the 
ionization  continuum.  The  excitation  to  this  type  of  real  autoionizing  level  can  produce  a 
dramatic  signal  enhancement  as  compared  to  a photoionization  scheme  where  no  real 
level  is  reached.  This  scheme  was  first  reported  by  Bislig  el  at.' who  observed  an 
increase  in  signal  of  20  times  over  that  with  the  scheme  used  previously  in  this  work. 

Al  low  applied  voltages  (<200  V),  an  increase  in  signal  of  90  times  was  observed 
with  both  lasers  (X,  + Xj)  over  the  signal  obtained  with  just  X,.  However,  when  higher 
voltages  were  applied  (such  as  those  necessary  to  obtain  avalanche  amplification  of  the 
signal,  1-3  kV),  this  enhancement  factor  dropped  to  as  low  as  a factor  of  2.  In  order  to 
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ascertain  the  reason  for  this,  the  enhancement  factor  (>.,  + >.i  signal/Xi  signal)  was  studied 

With  this  cell,  at  a P-10  gas  pressure  of  30  mTorr.  an  enhancement  factor  of  1400 
was  observed.  Even  at  760  Torr.  an  enhancement  of  450  was  achieved.  It  was  clear  that 


[ factor  was  not  due  to  the  signal  detection  occurring  at 


our  previous  studies,  is  given  below. 

In  Chapter  4.  the  structure  of  the  Rydberg  lines  as  a function  of  pressure  and  Stark 
effects  was  studied.  It  was  observed  that  an  increase  in  pressure  for  the  higher-lying  lines 
caused  some  broadening  in  the  lines,  while  an  increase  in  the  electric  field  caused  a large 
amount  of  broadening  and  splitting,  which  increased  as  the  lines  got  closer  to  the 


ionization  continuum.  It  would  then  be  probable  that  autoionizing  levels,  which  appear 
above  the  ionization  continuum,  could  suffer  the  same  effects.  In  fact,  with  the  more 
different  electric  field  configuration  used  in  the  electron  counter,  and  with  voltages  of  1-3 


kV  applied  between  the  electrodes,  it  was  possible  that  the  autoionizing  level  could 
become  so  broadened  that  it  could  not  be  excited  with  the  available  laser  energy.  For  this 

would  be  lost.  With  this  loss  of  enhancement,  the  new  scheme  resulted  in  a decrease  in 
ionization  efficiency  over  the  previous  scheme  of  103  -104  times.  It  is  important  to  note, 
however,  that  this  loss  of  enhancement  would  be  suffered  by  any  excitation  scheme  that 
was  affected  by  Stark  effects,  including  the  scheme  used  in  Chapters  3-5.  This  is  due  to 
the  new  electrode  configuration  used  in  the  electron  counter 


Performance  of  Electron  Counter 


In  order  to  improve  the  avalanche  amplification  factor,  an  electron  counter  was 
designed.  The  main  differences  between  the  electron  counter  and  the  cell  used  in  Chapter 
5 was  the  use  of  an  enclosed  inert  gas  stream  carrying  the  Hg,  which  protected  the  excited 
Hg  atoms  from  quenching  due  to  collisions  with  air  and  water  molecules,  as  well  as  a 
change  in  the  electric  field  configuration,  due  to  the  change  in  electrode  design.  With  this 
new  design,  the  field  is  '100  times  greater  at  the  collection  electrode  than  it  was  in  the 
previously  used  cell  (Figure  6-4), 

To  calculate  the  avalanche  amplification  factor  attainable  with  this  cell,  the  signal 
was  studied  as  a function  of  applied  high  voltage.  This  is  shown  in  Figure  6-6.  The 
behavior  observed  was  typical  of  avalanche  amplification.  In  the  region  from  0-200  V,  an 
increase  in  signal  was  observed.  This  was  not  a result  of  an  increase  in  the  number  of 
charges  being  created,  but  rather  an  increase  in  those  actually  being  collected.  In  the 
region  from  200-1000  V,  there  was  no  increase  in  signal,  because  all  of  the  charges  were 
being  detected  but  no  new  charges  were  being  created.  However,  for  applied  voltages 
between  1-3  kV,  the  signal  began  to  increase  rapidly  with  an  increasing  voltage.  In  this 
region,  electrons  traveling  to  the  anode  to  be  detected  were  creating  new  charges  by 
collisionally  ionizing  the  buffer  gas  atoms  in  their  path.  The  avalanche  amplification 
factor,  calculated  as  the  increase  in  signal  between  the  smallest  signal  in  which  all 
chatges  are  collected  (at  200  V)  and  the  largest  avalanche  signal  attained  (at  3 kV)  was 
found  to  be  6.6  x 10s.  The  amplification  of  the  non-solective  signal  was  observed  by 
measuring  the  signal  with  only  X,,  detuned  from  the  253.7  nm  resonance  transition,  and 
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applied  high  voltage  (V) 

Figure  6-6.  Avalanche  amplification  of  R]  signal. 


! signal  with  only 


applied  high  vollage  of  200  ' 


either  case.  At  an  applied  voltage  of  2.7  kV,  the  signal  from  k,  (detuned)  was  25.6  mV, 
(rom  k;,  it  was  104.4  mV,  giving  a combined  background  of  130  mV.  This  background 
signal  was  subtracted  from  each  value  in  Figure  6.6.  The  electron  counter  resulted  in  a 
huge  improvement  over  the  previous  cell,  with  which  an  avalanche  amplification  factor  of 
908  was  observed. 


proportional  to  tl 

comparing  the  sp 
Figure  6-7.  The 
while  the  dotted 

avalanche  signal, 


ten  necessary  to  show  that  this  avalanche  amplification  signal  was 
lie  number  of  charges  originally  created  in  the  laser  volume.  This  was 
manner  as  in  Chapter  5.  by  spectrally  scanning  the  second  laser  step  and 
icctra  observed  for  HV  = 200  V and  2.7  kV.  The  results  are  shown  in 
: solid  line  represents  the  avalanche  amplification  signal  (smoothed), 
line  is  the  spectral  scan  (smoothed)  obtained  fiom  just  the  number  of 
s a result  of  ionized  Hg.  This  signal  was  actually  much  smaller  than  the 
but  was  normalized  in  Fig.  6-7  to  the  same  size,  it  was  concluded  that 
he  signal  was  the  same  in  both  cases.  It  was  therefore  clear  that  the 
cauon  signal  was  proportional  to  the  original  number  of  charges  created 


Using  the  elc 


of  atomic  absorptia 
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Figure  6-7.  Spectral  profiles  of  X^ 
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with  a Hg  reference  cell  with  a pathlength  of  1.65  mm.  The  absorption  fraction  for  this 


oa  = 0.46/(4.0  x 1013  atoms  cm'!X0. 165  cm)  (6-1) 
which  gives  a value  of  7.0  x 10‘14  cm3. 

The  linearity  of  the  electron  counter  for  Hg  in  the  gas  stream  was  determined  by 
correlating  absorption  signals  at  different  gas  flow  rates  with  the  ionization  signals  at 

residence  time  of  the  Hg  between  the  electrodes  was  decreased.  Three  flow  rates  were 
used  and  both  the  absorption  and  ionization  signals  measured.  The  ionization  signals 
were  measured  without  the  preamplifier  as  the  concentrations  observable  with  AA  were 
large  enough  to  be  observed  without  it  The  number  of  Hg  atoms  was  calculated  from  the 
absorption  signal  using  equation  6-1;  these  results  are  shown  in  Figure  6-8. 

The  absorption  fraction  through  the  electron  counter  (which  had  a pathlcngth  of 
10  cm)  was  observed  to  be  0.0056  for  the  highest  buffer  gas  flow  rate  at  which  the 
absorption  signal  could  still  be  measured.  Therefore,  the  number  density  of  Hg  atoms  in 
the  cell  is  calculated  as 


n = 0.0024/(7.0! 


aJK10cm) 


(6-2) 


129 


# of  Hg  atoms 

Figure  6-8.  Calibration  curve  of  Hg  atoms  in  the  gas  phase, 
correlated  with  atomic  absorption  measurements. 
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which  gives  a value  of  3.4  x 10*  atoms  cm*3.  The  resonance  ionization  signal  for  this 
same  concentration  had  a signal-to-noise  ratio  of  1840  (with  only  used  for  excitation). 
Therefore,  the  smallest  number  density  which  can  be  detected  with  this  method  is 


(6-3) 


which  corresponds  to  1.9  X 10*  atoms  in  the  measurement  (laser  irradiated)  volume  (0.1 
cm3  x 10  cm).  It  is  believed  that  this  is  limited  by  the  poor  degree  of  ionization 


Preliminary  studies  were  carried  out  using  the  cold  vapor  generation  sample 
introduction  procedure  for  vatying  amounts  of  Hg  vapor.  The  analytical  curve  for  the 
technique  is  shown  in  Figure  6-9.  The  curve  ranges  from  the  highest  concentration 
detectable  at  this  high  voltage  (1.94  kV),  which  is  determined  by  the  saturation  level  of 
the  preamplifier,  to  the  lowest  concentration,  which  is  limited  by  the  blank.  However, 
different  ranges  of  Hg  can  be  detected  by  changing  the  high  voltage  applied  to  the  cell. 
As  evidenced  tn  Figure  6-6,  an  increase  in  applied  voitage  can  greatly  increase  the  signal. 
In  this  way,  higher  concentrations  can  be  detected  by  decreasing  the  applied  voltage, 


from  aqueous  solutions. 
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Improvements  on  this  method  include  removing  water  vapor  from  the  stream 
going  into  the  electron  counter.  This  water  can  cause  quenching  of  the  excited  Hg  state, 
decreasing  the  ionization  efficiency.  This  can  be  carried  out  by  inserting  a dtying  tube, 
containing  magnesium  perchlorate  or  some  other  dtying  agent,  into  the  tubing  which 
carries  the  Hg  to  the  electron  counter.  This  will  not  only  increase  the  ionization 
efficiency,  but  will  also  decrease  the  part  of  the  blank  signal  which  may  be  due  to 
nonselective  ionization  of  the  water  vapor.  In  addition,  attempts  may  be  made  to  decrease 
the  amount  of  Hg  present  in  the  blank  signal. 


Conclusions 

With  the  electron  counter  os  the  detection  cell,  the  avalanche  amplification  factor 
was  increased  to  6.6  x 10!.  giving  a larger  signal.  However,  the  number  of  electrons 
originally  created  in  the  laser  volume  was  decreased  by  a factor  of  between  103  - 104  by 
using  the  new  excitation  scheme.  It  is  believed  that  the  electric  field  configuration  used 
in  the  electron  counter  had  a large  broadening  effect  on  the  autoionizing  level  employed 
m this  excitation  scheme.  However,  even  with  a low  ionization  efficiency,  a detection 
limit  of  1.9  x 105  atoms  (63  ag)  in  the  measurement  volume  was  achieved. 

Preliminaty  studies  of  the  signal  as  a function  of  Hg  concentration  in  solution 
using  the  cold  vapor  generation  method  for  sample  introduction  indicated  linearity  over  a 
wide  range  of  Hg  quantities.  The  lowest  level  measured.  10  ng,  was  blank  limited  due  to 
Hg  and  other  impurities.  With  removal  of  these  impurities,  the  use  of  an  optimal 
excitation'iomzation  scheme,  an  optimized  mercury  generation  scheme  involving 
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removal  of  water,  and  an  optimized  ionization  detector,  the  detection  should  be  lowered 
by  1 0 - 1 0 ‘ orders  of  magnitude,  based  upon  the  earlier  studies  in  this  dissertation. 


CHAPTER  7 

CONCLUSIONS  AND  FUTURE  WORK 
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US 

Olher  future  projects  could  include  interfacing  the  electron  counter  to  gas 
chromatography,  which  would  allow  speciation  of  the  different  forms  of  mercury, 
including  the  highly  toxic  methyl  mercury. 

This  method  could  also  be  applied  to  different  elements  by  using  a hydride 
generation  sample  introduction  method.  Any  element  that  can  be  vaporized  without  the 
use  of  heat  can  then  be  studied  using  the  avalanche  amplification  of  the  R1S  signal.  In 
addition,  the  method  could  be  amenable  to  volatile  molecules. 
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